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Amended Soil in Mustard – Aphid – Beetle Food Chain  
ABSTRACT 
MUDASIR IRFAN DAR 
 In the present work, experiments were conducted to study the biotransfer of 
three potentially toxic heavy metals (cadmium, lead and zinc) of sewage sludge and 
fly ash along mustard – aphid – beetle food chain. The application of sewage sludge 
and fly ash for agricultural use is encouraged indiscriminately as part of their disposal 
management due to the presence of majority of elements essential for plant growth. 
But, presence of some toxic heavy metals in both the solid wastes and their 
biotransfer along the food chains pose a serious threat to the entire agroecosystem. 
The cadmium (Cd), lead (Pb) and zinc (Zn) are among the most dangerous heavy 
metals present in both the solid wastes.  
 Zinc has essential physiological and biochemical functions in plants and 
animals, but excessive levels can be damaging. In contrast, Cd and Pb have no 
essential role in organisms. The Cd and Zn are among the most labile heavy metals in 
the soil-plant system. The Pb, a relatively immobile metal is considered as a noxious 
contaminant. After their absorption by plant roots, these heavy metals are translocated 
into different plant parts and transferred to the organisms of higher trophic levels in 
the food chain. 
 In this work, the biotransfer of cadmium, lead and zinc along mustard-aphid-
beetle food chain has been studied. The sewage sludge used in the present study was 
collected from old waste water treatment plant of Aligarh Muslim University and the 
fly ash used was brought from the ash pan of Kasimpur Thermal Power Plant located 
about 12 kms away from Aligarh city. Five experiments were conducted to study the 
effects of the applications of variable amounts of sewage sludge and fly ash separately 
and their combinations on the growth of plants as well as uptake of three selected 
heavy metals (Cd, Pb and Zn) along the food chain. The major objectives of the 
present study were: 
1. To screen out the amount of sewage sludge required for optimum growth 
of the selected mustard plant.  
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2. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from sewage sludge amended soil in mustard – aphid – beetle food chain. 
3. To screen out the amount of fly ash required for optimum growth of the 
selected mustard plant.  
4. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from fly ash amended soil in mustard – aphid – beetle food chain. 
5. To determine the extent of accumulation and biotransfer of Cd, Pb and Zn 
in mustard-aphid-beetle food chain from soil-sludge-fly ash complex.  
 In order to achieve these objectives, five experiments were conducted. In first 
and second experiments, the quantity of sewage sludge and fly ash to which the 
selected mustard plant (Brassica juncea L. cv. Alankar) was resistant and performed 
better growth and yield, was determined. In third and fourth experiments, the selected 
plant was grown in soil mixtures with 5%, 10%, 20% and 40% (w/w) of sewage 
sludge and fly ash, respectively (the range of plant resistance as determined in 
Experiment 1 and 2). The aphids (Lipaphis erysimi) were fed for three weeks on the 
shoots of these mustard plants under controlled conditions and the biotransfer and 
accumulation of three selected heavy metals (Cd, Pb and Zn) were examined. These 
aphids were then fed to fourth instar larvae of predatory beetles (Coccinella 
septempunctata) at third trophic level. The extent of heavy metal elimination at 
second and third trophic levels via honeydew and pupal exuviae, respectively, were 
also examined. In fifth experiment, the varying concentrations of fly ash were added 
to stabilize soil-sludge mixtures and resultant variations in uptake of selected heavy 
metals along the mustard – aphid – beetle food chain were studied. 
 In Experiment 1 and 2, the pH of the fly ash, garden soil and sewage sludge 
were in the decreasing order of potential as fly ash > garden soil > sewage sludge. 
Separate applications of 10-40% sewage sludge and fly ash in garden soil enhanced 
the vegetative and reproductive growth of the selected cultivar of mustard. The higher 
amounts of these solid wastes (≥ 70%) increased uptake of selected heavy metals in 
shoots, but reduced the plant growth. The accumulation of cadmium, lead and zinc 
also increased significantly in mustard shoots on application of 40% of the solid 
wastes in the soil without adversely affecting the plant growth. 
 In Experiment 3, the pH of amended soil decreased in proportion to the 
amount of sewage sludge added in it. The concentrations of cadmium, lead and zinc 
increased significantly on addition of (10-40%) sewage sludge in the soil. So was the 
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trend of the accumulation of cadmium, lead and zinc in the roots, shoots, aphids and 
adult beetles (ladybirds). The correlation coefficients were strong and positive 
between metal (Cd, Pb and Zn) uptake in the mustard roots and their extractable 
concentrations in the soil. Very strong and positive correlations were determined 
between concentrations of these metals in shoots and in roots. Strong and positive 
correlations existed between metal concentrations in aphids and concentrations in 
their diets (shoots). The concentrations of cadmium, lead and zinc in predatory beetle 
had a strong degree of dependence (R
2
) on concentration in their prey (aphids). To 
examine the biomagnification of these heavy metals along the food chain, the transfer 
coefficients were determined at varying trophic levels. With some exceptions, both 
the non-essential metals (Cd and Pb) did not biomagnify along the food chain. 
Whereas, the zinc- an essential element, biomagnified in aphids at second trophic 
level when fed on shoots of mustard grown in sewage sludge amended soil. But the 
level of biomagnification of Zn in aphids decreased with the increase in the sewage 
sludge application rates. The magnitude of transfer coefficients of Cd and Pb 
decreased with the increase in the sewage sludge application rates. The aphids 
excreted Cd, Pb and Zn with honeydew in proportions to their concentrations in aphid 
bodies. Elimination of Cd and Pb with honeydew was relatively more efficient than 
Zn.  
 In Experiment 4, the additions of fly ash in soil increased the pH 
proportionately in resultant mixtures. The soil nitrogen contents reduced consistently 
with the increase in amounts of fly ash added in the soil. The concentrations of Cd, Pb 
and Zn also increased with the amounts of fly ash applied in the soil. The amounts of 
extractable Cd, Pb and Zn were relatively lesser in the soil samples amended with fly 
ash than of sewage sludge (Experiment 3). Unlike in third experiment with sewage 
sludge, the application of fly ash in this experiment led to biomagnification of Cd at 
second trophic level and Zn at second and third trophic levels. The magnitude of 
biomagnification of Zn at third trophic level in predatory beetles was relatively lesser 
than at second trophic level (in terms of transfer coefficients) in experiment 4 with 
varying concentration of fly ash. 
 In Experiment 5, the applications of fly ash in soil-sludge mixtures stabilized 
the pH of the resultant mixture to some degree. The overall concentrations of Cd and 
Zn decreased on fly ash additions in soil-sludge mixtures. The uptake of both these 
metals (Cd, Zn) also decreased in aphids and predatory beetles on applications of 10% 
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and 20% fly ash in soil-sludge mixtures. But, the stabilization of soil-sludge mixture 
with the addition of varying levels of fly ash was relatively less efficient in 
minimising the lead uptake along the food chain.  
 It may be inferred from these findings that addition of alkaline fly ash in acidic 
sewage sludge may stabilize the pH of resultant mixture and can also minimise the 
uptake of heavy metals along the food chain studied. More detailed experiments are 
warranted to find out the fate of uptake and accumulation of heavy metals in several 
other food chains on varying crops and cultivars. 
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1. INTRODUCTION 
 The rapid pace of urbanization and industrialization over the past few decades 
led to increased release of various types of solid wastes in its surroundings (Singh et 
al. 2014). Among tons of solid wastes generated in industrialized countries, larger 
proportion is constituted by sewage sludge and fly ash (Singh et al. 1997, Sinha et al. 
2006).  Environmentally appropriate disposal of fly ash and sewage sludge is a major 
challenge (Sajwan et al. 2003). These wastes are often applied as fertilizers in 
agricultural land (Dwivedi et al. 2007; Singh and Agrawal 2010a, 2010b, 2010c), 
because both the wastes (sewage sludge and fly ash) contain most of the nutrients 
required for plant growth (Logan and Harrison 1995; Wong and Su 1997; Veeresh et 
al. 2003). But, these waste materials contain a variety of potentially toxic heavy 
metals such as cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) and 
zinc (Zn). Most of these heavy metals are actively retained in the soil, with little 
leaching. Some toxic metals may remain in soil for thousands of years (Selim and 
Kingery 2003). The irrational and continued application of sewage sludge and fly ash 
in agricultural lands consistently increase the bioavailable fraction of heavy metals 
(Kabata-Pendias 2001).  
 A variety of plants have the ability to absorb and accumulate most of the toxic 
metals in varying amounts. The enhanced uptake of heavy metals in accumulator 
plants heightens the risk for metal introduction into food chains (Smith 1996; Winder 
et al. 1999; Heikens et al. 2001; Prince et al. 2001; Blakbern 2003; Zhuang et al. 
2009; Zhou et al. 2012; Dar et al. 2015a). The flow of heavy metals in food chains 
may pose health hazards to the organisms in upper trophic levels (Heikens et al. 2001; 
Prince et al. 2001; Blakbern 2003; Zhuang et al. 2009). Plants which tolerate 
relatively high concentrations of these toxic metals create greater health risk than 
those which are very sensitive and show definite symptoms of toxicity (Alloway 
1995; Winder et al. 1999). The adverse effects of toxic metals can occur at all levels 
of biological organization and ecological interactions such as predation, parasitism, 
competition and the structure of communities and ecosystems (Hoffman and Parsons 
1994; Walker et al. 2001).  
 To reduce the accumulation of toxic metals, the United States Environmental 
Protection Agency (US EPA), European Union (EU) and some other developed 
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countries recycling sewage sludge on agricultural land, have laid down the limits for 
the maximum concentrations of heavy metals borne in sludge and in soils (CEC 1986; 
Smith 1996; Harrison et al. 1999; Renner 2000). A comparative account of the norms 
of metal levels in sewage sludge and sludged soil set by the European community 
86/278/EEC (CEC 1986), USEPA 40 CFR part 503.13 (US EPA, 1993) and Chinese 
Regulation GB18918-2002 is given in Table 1.1. Such specific heavy metal 
concentration based guidelines for the use of fly ash in agriculture are limited (Yunusa 
et al. 2012). There are only few guidelines regarding fly ash application in agricultural 
lands from New South Wales and Australia (Office of the Environment and Heritage, 
OEH 2005). These guidelines were prepared by the Environment Protection Authority 
and Department of Environment and Climate Change of New South Wales for 
limiting application of industrial residue in agricultural lands (OEH 2005). Under this 
legislation, maximum elemental concentrations in one kg of fly ash must be limited to 
100 mg for Pb, 10 mg for Cd, 5 mg for mercury (Hg) and 60 mg for boron (CaCl2 
extracted). No such recommended standards or guideline is available in India for the 
application of sewage sludge or fly ash in agricultural soil. The aim of these 
regulations is to prevent the input of heavy metals reaching to the levels that may 
cause phytotoxicity to crops, or that may become harmful to human and animal health 
(McGrath et al. 1994). This has led to little consideration of the possible effects of 
heavy metals on the organisms present in agroecosystems other than those having 
beneficial effect on soil fertility i.e., earthworms, Rhizobium spp. and arbuscular 
mycorrhizal fungi (MAFF/DoE 1993).  
 Despite the ecological and economic importance of the arthropods constituting 
above ground component of the agroecosystems, they have been insufficiently 
considered in drafting of controls for the use of sewage sludge (Green and Walmsley 
2013) or fly ash. Moreover, the transfer of heavy metals in soil – plant – arthropod 
food chains in agroecosystems has also received little attention in the published 
literature. Phytophagous insects have an important functional role in the terrestrial 
ecosystem, because they are primary consumers of plants and transfer energy through 
terrestrial food webs (Lindqvist and Block 1997; Andersen et al. 2002). These 
primary consumers are preyed upon by other insectivorous organisms and play an 
important role in accumulating and transferring toxic metals to higher trophic levels 
Introduction 
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Table 1.1. Comparison of the maximum concentration of heavy metals (mg kg-1) allowed to accumulate in agricultural soils as a result of sewage sludge 
application in the EU, US and China (Courtesy: Liu and Sun 2013). 
 
aMaximum metal concentration in soils of pH < 7 and ≥ 7, respectively 
bBased on the 10 year average 
cMaximum metal concentration in soils at pH < 6.5 and ≥ 6.5 
---- Data not available 
 
 
Heavy metal 
 
EU Directive 86/278/EEC 
 
USA Regulation 40 CFR Part 503, 503.13 
 
Chinese Regulation GB18918-2002b 
Sewage 
sludge 
(mg/kg DM)a 
Sludged soila 
Annual heavy 
metal loading 
rates (kg ha-1 
365-1 days)b 
Sewage 
sludge  
(mg/kg DM) 
Sludged soil 
Annual heavy metal 
loading rates (kg ha-1 
year-1) 
Sewage sludge 
(mg/kg DM)c 
Sludged soil 
Cd 20-40 1-3 0.15 39 20 1.9 5-20 ---- 
Cr ---- ---- ---- 1200 ---- ---- 600-1000 ---- 
Cu 1000-1750 50-140 12 1500 750 75 800-1500 ---- 
Hg 16-25 1-1.5 0.1 17 8 0.85 5-15 ---- 
Ni 300-400 30-75 3 420 210 21 100-200 ---- 
Pb 750-1200 50-300 15 300 150 15 300-1000 ---- 
Zn 2500-4000 150-300 30 2800 1400 140 2000-3000 ---- 
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(Devkota and Schimidt 2000). Within agroecosystems, predatory insects play a 
significant ecological role for the biological control of pests (Merrington et al. 1997a, 
1997b; Winder et al. 1999). Through the consumption of heavy metal contaminated 
prey, they may be adversely affected in terms of health and fitness which will in turn 
result a proportionate reduction in the effectiveness of pest control (Merrington et al. 
2001). Thus, accumulation of heavy metals may cause secondary poisoning in higher 
trophic levels of food chain, which may potentially limit the beneficial role played by 
predatory insects in ecosystem (Green et al. 2010).  
  The fate and behaviour of heavy metals in agroecosystems after the 
application of sewage sludge or fly ash to the agricultural soil has so far received very 
limited consideration in densely populated countries like India and there is a 
significant lack of scientific information with reference to local conditions. 
Consequently, there is a dearth of understanding about the fate and consequences of 
heavy metal contamination in tropical and sub-tropical agroecosystems (Dar et al. 
2015a). Aim of the present investigation was to address the current gap by 
understanding the extent of accumulation of Cd, Pb and Zn in soil on application of 
sewage sludge and fly ash and to determine the biotransfer of these metals along the 
plant (Brassica juncea) – aphid (Lipaphis erysimi) – beetle (Coccinella 
septempunctata) food chain. 
1.1.  Selected heavy metals 
 The cadmium, lead and zinc were selected as test metals because they are 
among the most common heavy metals which pollute environment, especially in areas 
with high anthropogenic pressure (Agarwal 2009). Because all these heavy metals 
pose a serious toxic threat to human health and ecosystem integrity, the EU Council 
Directive (76/464/EEC of 4 May 1976) included these heavy metals among the most 
dangerous substances discharged into the natural environment (Nica et al. 2012). 
Although, zinc has essential physiological and biochemical functions in plants and 
animals (Moigradean et al. 2008, Nica et al. 2012), but excessive levels can be 
damaging to environmental health (Murariu et al. 2010). In contrast, cadmium and 
lead have no known vital or beneficial effect on organisms (Nordberg et al. 2002), 
except for diatoms where a Cd-based enzyme plays an essential role in regulating 
atmospheric carbon (Lane et al. 2005). The Cd and Zn possess similar chemical 
properties (Chesworth 1991) and are known to be amongst the most labile heavy 
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metals in the soil-plant system (Sauerbeck 1991), while Pb (although a relatively 
immobile metal) is considered as a very serious contaminant.   
1.2. Selected food chain 
1.2.1. Mustard plant (first trophic level)  
 The mustard commonly cultivated in India as oil seed crop includes a number 
of cultivars of two species of Brassicaceae, namely Brassica campestris and B. 
juncea. The B. juncea L. (Indian mustard) is a widely cultivated plant species of great 
economic and agronomic importance. It is used as model species in scientific 
researches. This species was selected as a model plant in the present experiments as 
well, because of its wide spread geographic exploitation, fast growth, large biomass 
and high tolerance to the accumulation of number of heavy metals without showing 
any visible symptoms (Ebbs and Kochian 1997; Prasad and Freitas 2003).  
1.2.2. Aphid (Second trophic level) 
 The aphids are small and soft bodied insects belonging to family Aphididae. 
They feed by sucking sap from their host-plant and are among the most destructive 
insect pests of agricultural crop plants. The mustard aphid (Lipaphis erysimi) was 
selected to determine the transfer of Cd, Pb and Zn to the second trophic level. This 
species of aphid is common insect pest of Indian mustard (B. juncea) and can be 
easily reared on the selected plant (Rehman et al. 2014). 
1.2.3. Beetle (third trophic level) 
 Beetles are a group of insects that form the order coleoptera. Most of the 
beetles are carnivorous and occupy third trophic level in the food chain. In the present 
investigation, the predatory beetle (Coccinella septempunctata L.) commonly known 
as seven spotted ladybird, family was selected. It belongs to Coccinellidae family and 
has broad ecological range, living almost anywhere there are aphids for it to eat. It 
was selected because it has been widely introduced and used as a biological control 
agent as both the adults and its larvae are voracious predators of aphids (Ferran and 
Dixon 1993, Rehman 2014).  
 The philosophical basis for this investigation is represented diagrammatically 
in Figure 1.1. Transfer is only considered in one direction (solid black arrows in 
Figure 1.1). Pathways also exist that transport heavy metals in the opposite direction, 
but a negligible quantity of metals is transferred through these pathways e.g., shoot to 
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root transfer (Florijn et al. 1993; Guo and Marschner 1995; Cakmak et al. 2000), or 
are difficult to quantify (e.g., arthropod faeces ‘rain’ on to soil, decomposition of dead 
arthropod bodies in the soil).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: A simplified diagram of the transfer route of heavy metals in a soil-plant-aphid-
beetle (ladybird) food chain. Solid black arrows represent pathways studied in this 
investigation, while dashed lines represent pathways not considered.  
 
 
To investigate if a pathway 
exists for the transfer of 
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To determine the effects of 
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soil- plant system. 
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1.3. Objectives 
 The purpose of this study was to investigate the transfer of cadmium, lead and 
zinc along the soil-plant-aphid-beetle food chain and to determine the trophic levels 
where the transfer of the metals is restricted or results in biomagnification. In order to 
do so, a series of five experiments were designed with following objectives: 
1. To screen out the amount of sewage sludge required for optimum growth 
of the selected mustard plant.  
2. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from sewage sludge amended soil in mustard – aphid – beetle food chain. 
3. To screen out the amount of fly ash required for optimum growth of the 
selected mustard plant.  
4. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from fly ash amended soil in mustard – aphid – beetle food chain. 
5. To determine the extent of accumulation and biotransfer of Cd, Pb and Zn 
in mustard – aphid – beetle food chain from soil-sludge-fly ash complex 
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2. REVIEW OF LITERATURE 
 The urbanization and industrialization with a fast pace throughout the globe 
led to the release of huge amounts of solid wastes in the environment. The sewage 
sludge and fly ash constitute major proportion of solid wastes from anthropogenic 
sources. Tons of these wastes are generated and released in areas around densely 
populated and industrialized countries (Sajwan et al. 2003; Sinha et al. 2006; Singh et 
al. 2014) and pose a direct threat to environment. The disposal of consistently 
growing amounts of fly ash and sewage sludge in an environmentally sustainable 
manner is a major challenge (Sajwan et al. 2003). Fly ash and sewage sludge, known 
to contain nearly all elements essential for plants, serve as a good source of nutrients 
for plant growth and metabolism (Veeresh et al. 2003). The fly ash and sewage sludge 
for these qualities are being applied as fertilizers in agriculture. But, both these solid 
wastes in addition to nutrients also contain a variety of potentially hazardous 
constituents like heavy metals and organic contaminants (Adriano et al. 2002; 
Paramasivam et al. 2003; Sajwan et al. 2003; Gallardo et al. 2006).  
 The uncontrolled land application of sewage sludge or fly ash increases heavy 
metal concentration in the soil substantially. The persistence of heavy metals in soil 
may directly or indirectly result in potential health risk to plants and other food chain 
organisms like herbivores and carnivores including humans (Kiemnec et al. 1990; 
Chang et al. 1997; Winder et al. 1999; Heikens et al. 2001; Prince et al. 2001; 
Blakbern 2003; Zhuang et al. 2009). Metal toxins influence ecological interactions 
such as predation, parasitism, and competition and thereby disrupt the structure of 
communities and ecosystems (Walker et al. 2012). 
 The transfer of these potential toxic elements in human body through food 
chain is controlled by statutory limits (European Commission 2001). Heavy metal 
transfer in the food chains of aquatic and edaphic invertebrates has also received 
much attention (Reinfelder et al. 1998; Conder et al. 2002; Kohler 2002; Rainbow 
2002; Croteau et al. 2005; Dumas and Hare 2008). By contrast, knowledge of the 
behaviour of heavy metals in species with a habitat above the ground has received 
negligible attention (Green and Walmsley 2013).  
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2.1. Sewage sludge and its composition 
 Sewage is the untreated municipal liquid waste generally composed of large 
quantities of water, organic compounds, macronutrients, a wide range of 
micronutrients, essential and non-essential heavy metals, organic micro pollutants and 
microorganisms (Kulling 2001; Singh and Agrawal 2008). The household sewage 
includes both black water generated in toilets and grey water generated in kitchen, 
bathroom and laundry. Sewage sludge is the semi-solid precipitate produced in large 
quantities as by product of the wastewater treatment (Antoniodis and Alloway 2001; 
Chen et al. 2012). The sewage sludge consists of the solids that were originally 
present in the wastewater and/or the new suspended solids produced as a result of 
wastewater treatment process (Vesilind et al. 1986). The solid contents generally 
range from 0.25 to 12% (by weight) depending on the nature of wastewater and the 
type of operation used for wastewater treatment (Metcalf and Eddy 1995; Rulkens 
2004). In India, the total potential of sludge generation from the sewage is 2000 tons 
per day (Ministry of Urban Development, New Delhi 2013). A modern treatment 
plant generally treats wastewater in three stages: mechanical, biological and if 
necessary, an additional stage for elimination of nutrients. In the mechanical stage, 
50-70% of the suspended solids are removed as primary sludge (70% organic and 
30% inorganic). The biological treatment stage involves the use of microbes to 
stabilize organic matter (Chobanoglous 1987). The sludge produced at this stage is 
referred as secondary sludge. The third treatment stage involves the removal of 
nutrients such as nitrogen and phosphorus (Pathak et al. 2009).  
 Sludge composition is generally determined by the effluents discharged into 
the sewers (Alloway and Jackson 1991), process of wastewater and sludge treatment 
(Singh and Agrawal 2008). During sewage treatment, about 50-80% of the total heavy 
metals present in sewage get fixed into the sludge by various physicochemical and 
biological interactions (Lester et al. 1983a). In residential areas, the metals are mainly 
derived from human excretion, cosmetics, cleaning and kitchen wastes. The sludge of 
industrial sewerage systems differ markedly in composition depending on the type 
and nature of industrial activities, weather and other factors (Alloway and Jackson 
1991). 
 During the last two decades the quantity of the total sludge generated all over 
the world has increased considerably and trend is expected to increase many folds in 
Literature review 
11 
 
the coming years (Pathak et al. 2009). The urban population in India has jumped from 
210 millions in 1991 to about 370 million in 2011 (Census of India 2011), about 73% 
increase from 1991 to 2011. On the other hand, the rural population from 1991 to 
2011 increased only by 32% (Census of India 2011). In view of this population burst, 
demand of freshwater for all uses is becoming unmanageable. It is estimated that the 
projected wastewater from cities may cross 120,000 million litres per day by 2051 
(Kamyotra and Bhardwaj 2011). The treatment and beneficial utilization or 
environmentally safe disposal of sludge in the cities are still at the initial development 
stage and have lagged behind the construction and operation of basic wastewater 
treatment facilities. As a consequence, cities in the India are facing greater challenge 
of properly management of increasing amounts of sewage sludge. Thus, its 
management and disposal in a cost effective and environmentally safe manner is one 
of the most concerning problems (Latare et al. 2014). The sewage sludge after the 
treatment is used as fertilizer in agricultural practices in many countries. The annual 
sewage sludge production and the percent of its usage as fertilizer for agriculture in 
various countries are given in Table 2.1. 
Table 2.1: Sewage sludge production and beneficial utilization rates in some 
selected countries (Source: Asian Development Bank 2012). 
 
2.1.1. Agricultural use of sewage sludge: pros and cons 
 Application of sewage sludge as fertilizer or manure in crop lands is the most 
commonly recommended disposal technique (Singh and Agrawal 2008; Nogueira et 
al. 2010, 2013; Latare et al. 2014) due to the presence of significant quantities of 
Country or Region Sludge utilization rate in 
agriculture (%) 
Sludge production (tons dry 
solids per year) 
Australia 81 36 × 104 
South Africa 80 100 × 104 
India 80 700 × 104 
Japan 14 220 × 104 
Austria 16 25 × 104 
United States 55 800 × 104 
European Union 40 900 × 104 
China 50 400 × 104 
Italy 69 100 × 104 
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organic matter, macronutrients such as nitrogen and phosphorous and essential heavy 
metals in sewage sludge (Hall 1992; Green et al. 2003; Metcalf and Eddy 2003; 
Pathak et al. 2009). 
2.1.1.1. Effects of sewage sludge on soil properties 
 Application of sewage sludge as fertiliser to the agricultural land modifies the 
physico-chemical properties of soil (Beck et al. 1996; Wilden et al. 2001; Lavado 
2006; Singh and Agrawal 2010a, 2010b). The application of sewage sludge reduces 
the pH and increases organic carbon, available phosphorus and total nitrogen (Green 
and Tibbett 2008; Singh and Agrawal 2007, 2010a, 2010b, 2010c). The pH of the soil 
decreases with sewage sludge amendment because biodegradation of organic carbon 
from sewage sludge releases humic acid which may be attributed to lower soil pH 
(Epstein et al. 1976; Moreno et al. 1997). In contrast, some investigators reported an 
increase in pH of soils on sewage sludge application (Tsadilas et al. 1995; Green et al. 
2003, 2006). But, there is no explicit explanation for the factors in sewage sludge 
causing increase in pH. An increase in organic matter content, nitrogen content, 
moisture content, porosity and water holding capacity in the soils amended with 
sludge has been reported by several workers (Navas and Machin 1995). The organic 
composts present in sewage sludge improve the aggregate stability, porosity and water 
holding capacity of the soil (Ramulu 2002; Torri and Lavado 2008). The improved 
texture and water holding capacity of soil make conditions more favourable for the 
growth of plant roots and the drought tolerance of the plants (US EPA 2000).  
 Enzymatic activities have often been estimated to establish the indices of soil 
fertility (Singh and Agrawal 2008). Microorganisms as well as plants synthesize 
enzymes, which act as a biocatalyst of important reactions to produce essential 
compounds for both soil microorganisms and the plants. Sewage sludge amendment 
enhances arginine- ammonification and the activities of soil enzymes dehydrogenase 
and alkaline phosphatase (Dar 1996). The increase in enzyme activity in turn 
enhances microbial activity, which is stimulated by the higher nutrients as well as the 
organic matter content of the sludge-amended soil (Eivazi and Zakaria 1993). The soil 
enzymatic activities can be indirectly affected by heavy metals present in the sewage 
sludge (Kandeler et al. 2000) and may be used as indicator of soil pollution 
(Fliessbach et al. 1994). The soil enzyme activities reduce on longer incubation period 
with high heavy metal availability (Fliessbach et al. 1994).  
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2.1.1.2. Effects of sewage sludge on plant growth 
 Sewage sludge is an effective organic fertilizer promoting growth and 
production of crop plants (Tsadilas et al. 1995). On sewage sludge application, 
significant increase in growth and productivity of several plants has been reported in 
the recent past. Lower rates of sewage sludge amendment in soil enhanced shoot and 
root lengths and leaf area of Zea mays (Qasim et al. 2001). The shoot length, leaf area 
and total biomass of the mung bean (Vigna radiata L. cv. Malviya janpriya) and rice 
(Oryza sativa L. cv. Pusasugandha 3) increased when grown in soil amended with 
sewage sludge upto 12 kg m-2 (Singh and Agrawal 2010a, 2010b). Several growth 
attributes of barley (Hordeum vulgare L.) and oat (Avena sativa L.) increased on 
sewage sludge application (Bouzerzour et al. 2002). The average dry weight of 
sunflower plants (Helianthus annus) increased on sewage sludge application in soil 
(Morera et al. 2002). Gu et al. (2013) reported that fresh weight of roots and 
aboveground parts of ryegrass increased several fold on application of 300 tons ha-1 
sewage sludge in soil. 
 Application of sewage sludge to the soil enhanced chlorophyll content in 
soybean more effectively than other organic and chemical fertilizers (Pirdashti et al. 
2010).  The stomatal conductance, rate of photosynthesis, protein and chlorophyll 
increased in rice (Oryza sativa L.) grown on different sewage sludge amendment rates 
(Singh and Agrawal 2010c). Similarly, increase in pigment biosynthesis, total 
carbohydrate and protein contents in sewage sludge-treated wheat and jews mallow 
plants has been reported by Mazen et al. (2010). Concentrations of sugars and 
ascorbic acid were higher in roots and leaves of sweet potato grown in municipal 
sewage sludge amended soil (Antonious et al. 2011). The addition of sewage sludge 
enhanced drought resistance of alfalfa (Medicago sativa cv. Aragon) due to increase 
in soluble sugar and better plant growth (Antolin et al. 2010).  
 The lipid peroxidation, ascorbic acid, peroxidase activity and proline content 
in plants increased with sewage sludge amendment rates in soil suggesting higher 
oxidative stress at higher application rates which consequently decreased thiol and 
phenol content in rice plants (Singh and Agrawal 2010c). Mazen et al. (2010) in their 
experiment demonstrated that proline content decreased in wheat and jews mallow 
plants treated with lower rates (25%) of sewage sludge, but increased at 75% 
amendment rate, indicating stress in plants at this level.  
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  The sewage sludge application increased crop yield in snap bean (Phaseolus 
vulgaris L.) plants (Dowdy et al. 1978). Yamur et al. (2005) reported significantly 
high seed yield of lentil (Lens culinaris medic cv. Sazar-91) when grown in soil 
amended with 6 kg m-2 sewage sludge. The yield of Helianthus annus increased to 
31% on application of 1.4 kg m-2 sewage sludge in soil (Lavado 2006). The yield of 
lady’s finger (Abelmoschus esculentus L. cv. Varsha uphar) also increased to 135% 
when grown in soil amended with 2.51 kg m-2 sewage sludge (Singh and Agrawal 
2009). The yield of rice (Oryza sativa) increased when grown in soil amended with 
various rates of sewage sludge with 12 kg m-2 as its highest rate (Singh and Agrawal 
2010a). The growth and yield of mung bean (Vigna radiata) was also enhanced on 
applications of 12 kg m-2 (Singh and Agrawal 2010b). 
 Antolin et al. (2005) evaluated the effects of the sewage sludge amendment in 
soil on the growth and yield of barley (Hordeum vulgare L.) under semiarid 
Mediterranean conditions. Consistent sewage sludge treatment increased the grain 
yield of barley under repeated sewage sludge application. The sewage sludge compost 
enhanced the yield of maize, amaranthus, cowpea and crossandra (Chitdeshwari et al. 
2002). The rise in the productivity due to the sludge amendment is attributed to the 
increase in nutrient availability to the plants (Singh and Agrawal 2008). The 
amendment of irrigated soil with municipal bio-solids caused significant increase in 
yield of carrots and chard (Nielson et al. 1998). Sewage sludge application (40 tons 
ha-1) increased the grain yield and straw production of rice (Latare et al. 2014) and 
wheat (Jamil et al. 2006; Latare et al. 2014). 
 The use of sewage sludge as fertilizer instead of conventional ones advanced 
flowering and fruiting by 2-3 weeks in Gossypium hirsutum (Tsakou et al. 2001) and 
Linum usitatissimum (Tsakou et al. 2002). These findings indicate the potential of 
sewage sludge to reduce span of cropping in addition to growth increase (Tsakou et al. 
2002). The early onset of reproductive cycle due to sewage sludge application is 
attributed to faster vegetative growth outputs (Singh and Agrawal 2008). But, the 
possible roles of heavy metals present (Alloway and Jackson 1991) and impacts of 
other physico-chemical or environmental stresses in early onset of reproductive cycle 
and reduction of life span can’t be ignored as reported earlier (Khan and Ghouse 
1988). 
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2.1.2. Heavy metals in sewage sludge amended soils 
 Heavy metals can make their entry in agricultural soils from many sources 
such as the weathering of soil parent material, atmospheric deposition (Critchly and 
Agg 1986), or from the use of common agricultural materials (Green 2003). Sewage 
sludge is the major source of heavy metal additions when applied to agricultural soils 
(Nriagu and Pacyna 1988). Cadmium, nickel, lead, and zinc are among the most 
abundant heavy metals found in sewage sludges and their concentrations are strongly 
related to the origins of the waste water (domestic or industrial), and the extent of 
sludge treatment in the cleansing plant (Antoniadis 1998). 
 Sewage sludge applications at 20 and 40% rates significantly increased Cd, 
Cr, Cu, Ni, Pb and Zn concentrations in soil (Singh and Agrawal 2007). Cadmium 
concentration in soil was found above the Indian permissible limit in soil at both the 
amendment ratios (Singh and Agrawal 2007). The concentration of heavy metals in 
sewage sludge usually exceeds those of the soil and is found to be nearly 0.5-2% on 
dry weight basis which may go up to as high as 6% in some cases (Lester et al. 
1983b). Consequently, its application in soil may lead to increased heavy metal 
concentrations in soil (Dai et al. 2006) which are strongly retained in it, and may 
remain in soil for thousands of years (Selim and Kingery 2003). Many heavy metals 
remain indefinitely in the plough layer of soils due to little leaching and therefore 
repeated additions may lead to long-term accumulation (McLaughlin et al. 2000; 
Smith 2001; Merrington et al. 1997a; McGrath et al. 2000). The higher proportions of 
Cd existed in the CaCl2-exchangeable and soluble forms in the soil amended with 
sludge even after a gap of 23 years of sludge application (McGrath et al. 2000). 
 The concentrations of Cd, Cr, Cu, Mo, Ni, Pb and Zn were significantly 
greater in sewage sludge amended soil (Antonious et al. 2012; Latare et al. 2014). The 
sewage sludge application increased the concentrations of As, Cd, Cu, Ni, Pb and Zn 
in soil well within the standard established by legislation for agricultural soils 
(Nogueira et al. 2013). In these reports (Antonious et al. 2012; Nogueira et al. 2013; 
Latare et al. 2014), the types of heavy metals and their respective concentration 
varied. The variations were attributed to origin and extent of treatment of sewage 
sludge. 
 Available concentrations of heavy metals may be leached and thereby reach 
groundwater or absorbed by plants and transferred to different food chains (Silva and 
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Camilotti 2014). In an experiment, the application of sewage sludge (300 t ha-1) in soil 
increased the bioavailable fraction for Zn to 4550%, manganese (Mn) to 58.8%, Cu to 
898%, Ni to 189%, Cr to 35.8% and Cd to 84.8% (Gu et al. 2013). The concentrations 
of Cd, Cu, Ni, Pb and Zn in top 20 cm layer increased with sewage sludge rates 
applied in soil, incubated for 360 and 720 days and estimated after both the incubation 
periods (Nogueira et al. 2013). 
2.1.2.1. Accumulation of heavy metals in plants  
 Applications of varying rates of sewage sludge in agriculture leads to 
excessive accumulation of heavy metals causing uptake in crops and thereby alter the 
food quality and safety (Muchuweti et al. 2006; Silva and Camilotti 2014). The 
concentrations of accumulated heavy metals vary with the rate of sewage sludge, type 
of heavy metal, plant species and its origin (Mahler et al. 1980; Garrido et al. 2005; 
Lavado 2006; Silva and Camilotti 2014). The cabbage, amaranthus, spinach, radish, 
lady’s finger and forage grasses grown in sewage sludge amended soils accumulated 
high concentrations of Cd, Cr, Co, Cu, Pb, Ni and Zn (Sekhar et al. 2002). Wheat 
(Triticum aestivum) grown in sewage sludge amended soil (2 and 10 kg m-2) had 
significantly high concentrations of Cd, Ni and Zn in its grains and their 
concentrations increased with sewage sludge amendment rates (Tadesse et al. 1991). 
The higher concentrations of Cu, Fe and Zn accumulated in plants grown in sludge 
amended soil than those grown in unamended soil (Hernandez et al. 1991). A single 
application of 112, 225 and 450 t ha-1 dry weight biosolids increased Cu and Zn 
concentrations in the tissues of snap beans (Phaseolus vulgaris L.) corresponding to 
amendment rates (Dowdy et al. 1978).  
 Higher amounts of Cd, Cr, Cu, Ni, Pb and Zn were found in the roots and 
shoots of Beta vulgaris (Singh and Agrawal 2007), Oryza sativa (Singh and Agrawal 
2010a) and Vigna radiata (Singh and Agrawal 2010b) plants grown in sewage sludge 
treated soil. It has been further suggested that the above ground parts of some of these 
crops accumulated metal concentrations above the Indian permissible limits and 
therefore, were not suitable for human consumption or animal fodder (Singh and 
Agrawal 2007, 2010a, 2010b). Muchuweti et al. (2006) reported that leaves of 
Brassica juncea plants grown in sewage sludge amended soil contained 3.68 mg kg-1 
Cd, that was over 18 times the EU permissible level (0.2 mg kg-1); Cu 111 mg kg-1, 
about 5 times the EU Standard (20 mg kg-1); 6.77 mg kg-1 Pb, over 22 times the 
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permissible levels allowed by EU standards (0.3 mg kg-1); 221 mg kg-1 Zn, over 4 
times the  EU permissible limit (50 mg kg-1). Some other plants (beans, maize, 
peppers and sugarcane) also contained high concentrations of heavy metals above the 
EU permissible levels (Muchuweti et al. 2006). 
  Sewage sludge amendment in soil increased concentrations of different heavy 
metals in ryegrass (Gu et al. 2013).  Concentrations of Zn, Mn, Cu, Ni, Cr and Cd 
increased by 1130, 12.9, 355, 108, 2230, and 497% in roots and by 431, 4.3, 92.6, 
58.3, 890, and 211% in aboveground parts of ryegrass, respectively on application of 
300 tons ha-1 sewage sludge in the soil (Gu et al. 2013). Application of sludge also 
increased the heavy metals contents in different tissues of rice plants (Latare et al. 
2014). The Cd content in rice grain was above the Indian safe limit as recorded on 20 
tons ha-1 sludge application in soil (Latare et al. 2014). 
2.2. Fly ash and its composition 
 World coal production in year 2011 was estimated about 8.4 billion tons/year 
(IEA 2012) and its consumption is expected to reach 9.92 billion tons/year by 2019 as 
projected by International Energy Agency (IEA 2014). About 30% of the global 
energy demand is met by coal fired power plants (IEA 2014). In India, about 79% of 
the total energy requirement is met from the combustion of pulverized coal in thermal 
power plants and this practice is expected to continue in the future as India possesses 
abundant coal reserves (Lior 2010) estimated to be around 332.4 billion tons 
(Ministry of Coal, India 2014). 
  Total electricity generation in India is projected to increase to 1483 Terawatt- 
hour (TWh) by 2020 from 500 TWh in 2000 (Organisation for Economic Co-
operation and Development/International Energy Agency, OECD/IEA 2002). The 
combustion of coal to generate electricity in thermal power plants produces large 
amounts of fly ash (Ram and Masto 2014). The formation of fly ash depends on the 
quality of coal. In general, Indian coal produces relatively higher amount of ash (10-
30%) in comparison to other countries, because the coal used in Indian power plants 
generally have low calorific value (Ram and Masto 2014). In addition to thermal 
power plants, the fly ash is also generated by factory boilers, cement industry etc. 
which adds more to this quantity (Singh et al. 2010). 
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 The total amount of ashes produced worldwide is enormous, which has been 
estimated to exceed 750 million tons/annum (Izquierdo and Querol 2012). Country 
wise coal consumption for electricity generation and fly ash generation/utilization are 
presented in Table 2.2. The energy sector of India generated nearly 172 million tons 
of fly ash in 2013-14 (CEA, India 2014). The annual production of fly ash was about 
1.0 million tons in 1947 and is expected to reach about 225 tons annually by 2017 
(Kumar et al. 2005).  
Table 2.2: Generation and utilization of coal fly ash in nine selected countries consuming 
huge quantities of coal. 
Country Year FA generation 
(million tons) 
FA utilization 
(million tons) 
FA utilization 
(%) 
References 
India 2013-14 172.87 99.62 57.63 CEA (2014) 
China 2010 480 321.6 67.0 Tang et al. 
(2013) 
USA 2013 53.40 23.32 43.67 ACAA (2014) 
Australia 2010 14.44 6.61 45.8 Heidrich et al. 
(2013) 
EU 15 2010 48.0 43.87 91.4 Caldas-Vieira 
and Feuerborn 
(2013) 
Japan 2010 12.23 11.8 96.4 Heidrich et al. 
(2013) 
Canada 2010 7.5 2.53 33.0 Heidrich et al. 
(2013) 
Israel 2012 1.445 1.359 94.05 NCAB (2012) 
Germanya 2010 15.26 15.26 100.0 VGB Power 
Tech (2010) 
alimited to lignite fly ash; ACAA: American Coal Ash Association; CEA: Central Electricity Authority, India; FA: Fly 
ash; NCAB: Israeli National Coal Ash Board. 
 The disposal of such a huge quantity of fly ash is a big problem in the areas 
around the thermal power stations (Pandey and Singh 2010; Singh et al. 2010). The 
fly ash from the thermal power plants is brought to vast ash pans in the form of slurry. 
The water of the slurry percolates down and dry ash is deposited in the ash pans. A 
single ash pan may spread in several km2 area around the power plants. The dried ash 
is disposed off from these ash pans and used in various purposes. The dried ash and 
percolated water deteriorate the air, soil and water quality (Singh et al. 2010). The 
global average utilization of coal fly ash is less than 50% of the total production 
(Izquierdo and Querol 2012). Thus it is evident that a major proportion of the global 
fly ash remains unutilized and needs urgent measures to identify potential avenues for 
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Others 
6.22% 
environment friendly disposal other than the agriculture fields. As per report of 
Central Electricity Authority, CEA (2014), in India, the maximum utilization of fly 
ash to the extent of 39.32% has been in the cement sector, followed by the bricks and 
tiles (12.27%), reclamation of low lying areas (11.79%), mine filling (11.24%), ash 
dyke raising (10.36%), roads and flyovers (5.00%), agriculture (3.00%), and others 
(6.22%; Figure 2.1). The consumption of fly ash in these sectors accounts 57.63% of 
the total fly ash generation (CEA 2014). Although, the utilization of fly ash in 
agriculture sector is only 3%, but from Figure 2.2 it is quite clear that the use of fly 
ash as fertilizer in agriculture has enormously increased (higher than other sectors) 
from 1998-99 to 2013-14. 
 The increased use of fly ash in agriculture results introduction of higher 
amounts of toxic metals in the soil. The persistence of these toxic metals within soil 
system and their uptake by plants at sub-phytotoxic levels may pose a serious threat to 
food chains and ecological system (Chang et al. 1997). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Proportions of fly ash utilization in various sectors in India during the year 2013-14 
(Source: CEA annual report 2013-14). 
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Figure 2.2: Percent (%) increase in fly ash utilization patterns in various sectors from the 
period 1998-99 to 2013-14 (Source: CEA annual report 2013-14).  
2.2.1. Physico-chemical properties of fly ash 
 The physico-chemical properties of fly ash depend on the composition of the 
coal type and its combustion process (Adriano et al. 1980; Chaudhary et al. 2011). 
The calcium oxide (CaO) content is high in fly ash of sub-bituminous or lignite coal 
and low in bituminous coal. The fly ash of the coals of varying origins also vary in Si, 
Fe, Ca, and Mg oxide contents as well as reactive water-soluble and amorphous 
phases (Dewey et al. 1996). The colour of fly ash varies from tan to gray and to black, 
depending on the content of unburned carbon in the fly ash (Kassim and Williams 
2005).  
 The fly ash usually consists of 49-67% silica (SiO2), 16-29% alumina (Al2O3), 
1-4% calcium oxide (CaO), 4-10% iron oxide (Fe2O3), 0.2-2.0% magnesium oxide 
(MgO) as reported by Singh et al. (2010). The fly ash may also contain sodium oxide 
(Na2O), potassium oxide (K2O), unburned carbon, and sulfate (SO42-) as reported 
recently (Singh et al. 2011). Fly ash has higher specific surface area, lower bulk 
density (1.0 to 1.8 g cm3), higher moisture retention capacity, higher electrical 
conductivity and lower cation exchange capacity than normal soil (Ram and Masto 
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2014). The pH of fly ash varies from 4.5 to 12.0 depending on constituents in parent 
coal (Plank and Martens 1974; Mattigod et al. 1990). The majority of the various 
types of coal fly ash produced globally, including those in India, are alkaline in nature 
(Ram and Masto 2014). The alkaline pH of fly ash may be due to the presence of Ca, 
Na, Mg and OH along with other heavy metals. Mainly CaO, a major constituent of 
the fly ash, forms Ca(OH)2 with water and thus, attributes towards alkalinity 
(Hodgson et al. 1982).  
 Almost all the metals present in soil are also found in the fly ash, which 
include Al, B, Ca, Cd, Co, Cu, Fe, K, Mg, Mo, Mn, Na, Ni, Pb, Si and Zn (Singh and 
Yunus 2000; Tripathi et al. 2004; Jala and Goyal 2006; Gupta and Sinha 2008; 
Ahmaruzzaman 2010). Fly ash thus, contains certain metals, essential for plant growth 
(Jala and Goyal 2006) and some metals of environmental concern (Pandey and Singh 
2010; Ram and Masto 2014). Nitrogen present in the coal is volatilized during its 
combustion and thus fly ash may have nil or negligible nitrogen (Bradshaw and 
Chadwick 1980; Singh and Yunus 2000). The concentration of phosphorous is 
generally high (400-8000 mg kg-1), but the form of P is not readily available to plants, 
due to interactions with Al, Ca and Fe present in alkaline fly ash (Singh et al. 2010).  
2.2.2. Agricultural use of fly ash: pros and cons 
 The use of fly ash as fertilizer (source of P, B, Cu, Zn, Mn) has been 
encouraged in agricultural practices to tackle the problem of fly ash disposal (Pandey 
and Singh 2010; Singh et al. 2010; Ram and Masto 2014). The Ca-rich, alkaline fly 
ash neutralizes acidic soils (Mishra and Shukla 1986a, 1986b; Taylor and Schuman 
1988). Fly ash lacks humus and N and can be supplemented with organic 
amendments. 
2.2.2.1. Effects of fly ash on soil properties 
 The fly ash amendment alters several physico-chemical properties of soil such 
as texture, bulk density, pH, water holding capacity and electrical conductivity 
(Adriano et al. 1980; Elseewi and Page 1984; Pathan et al. 2003; Ram and Masto 
2010) and particle size distribution (Sharma et al. 1989). The fly ash amendment is 
also known to reduce compaction of clay soils (Sharma and Kalra 2006). The bulk 
density of soil declines with the addition of fly ash and thereby reduces porosity and 
increases water holding capacity (Pandey et al. 2009; Pandey and Singh 2010). The 
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electrical conductivity of the soil increases on application of fly ash as the levels of 
soluble major and minor inorganic constituents increase in soil (Adriano et al. 1980; 
Eary et al. 1990; Jala and Goyal 2006; Basu et al. 2009; Pandey and Singh 2010). 
 In India, the fly ash generated in thermal power plants is alkaline in nature, 
hence their application increases the soil pH due to the rapid release of Ca2+, Na+, Al3+ 
and OH- ions (Wong and Lai 1996; Sinha and Gupta 2005; Jala and Goyal 2006). The 
acidic fly ashes generated in some countries can be used in reclaiming alkaline soils 
(Singh et al. 2010). Amendment with fly ash at ratios from 25 to 100% in the garden 
soil increased the pH, the particle density, porosity and water holding capacity 
(Pandey et al. 2009). The application of fly ash to the soil significantly increased the 
levels of soil nutrients viz., Na, K, Ca, Mg, and Fe (Singh and Agrawal 2010d). The 
high boron level in fly ash restricts its utilization in crop production (Aitken and Bell 
1985) which can be overcome by properly weathering of fly ash before it is used in 
agriculture (Ram and Masto 2014). 
2.2.2.2. Effects of fly ash on plant growth 
 Generally, fly ash amendment in soil increases plant growth and nutrient 
uptake (Aitken et al. 1984; Basu et al. 2009). The fly ash amendment (50%) improved 
the growth and yield of cucumber (Cucumis sativus) as reported by Ajaz and Tiyagi 
(2003). The photosynthetic pigments such as total chlorophyll and carotenoids in 
cucumber increased maximum at 25% (Ajaz and Tiyagi 2003). Root, shoot length and 
dry matter of Sesbania cannabina and Vigna radiata grown at 10 and 25% fly ash 
amendment rates enhanced as compared to their controls (Sinha and Gupta 2005; 
Gupta and Sinha 2009).    
 The fly ash amendment in soil caused significant improvement in growth 
(shoot length, leaf area and pigment composition) and yield attributes of rice (Mishra 
et al. 2007). Application of fly ash at and above 50% reduced photosynthetic 
pigments, protein content and growth (plant height, root biomass, number of tillers, 
grain and straw weight) in four cultivars of rice (Dwivedi et al. 2007), but lower 
concentrations (10–25%) of fly ash amendment in soil enhanced the plant growth 
(Dwivedi et al. 2007). Addition of 40% fly ash in soil increased dry matter 
accumulation, chlorophyll and protein content of Brassica juncea (Gautam et al. 
2012). In a recent study, optimum growth (dry matter and seedling) of rice was 
recorded on application of 25% fly ash in soil (Panda and Tikadar 2014). The growth 
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and reproductive ability of B. juncea enhanced on application of 20% to 40% fly ash 
in soil, but higher amounts of fly ash (60%-100%) affected these growth parameters 
adversely (Pillai and Chaturvedi 2012). 
 Plants combat the stress caused by toxicants through enzymatic as well as non 
enzymatic antioxidants. When grown in fly ash amended soil, antioxidant levels 
(carotenoids, cysteine, non protein thiol, free proline and ascorbic acid) were higher in 
roots of Sesbania cannabina facing the stress directly than the shoots (Sinha and 
Gupta 2005). Several studies showed that fly ash application in soil significantly 
increased the yield of Brassica oleracea (Kim et al. 1997), clover (Summers et al. 
1998), Secale cereale (Matsi and Keramidas 1999), cotton (Dunn and Stevens 2000), 
lettuce (Lau and Wong 2001), Cynodon dactylon (Adriano and Weber 2001; Pathan et 
al. 2003), Zea mays (Tarkalson et al. 2005), Oryza sativa (Lee et al. 2006; Panda and 
Tikadar 2014), B. campestris (Jayasinghe and Tokashiki 2012); B. juncea (Gautam et 
al. 2012), Solanum melongena (Gond et al. 2013) and biofuel feedstock (Dzantor et al. 
2013). The agronomic benefits of fly ash applications are primarily associated with 
improved physico-chemical and biological characteristics of the soil. Because of the 
presence of Ca-Si minerals with a pozzolanic nature, along with the soil moisture, fly 
ash improves soil bulk density, porosity and water holding capacity. Several essential 
plant nutrients present in fly ash also increase plant growth and crop yield (Ram and 
Masto 2014). 
2.2.3. Heavy metals in fly ash amended soils 
 The major constituents of fly ash are similar to those of natural soils, but it is 
also enriched with some potential heavy metal contaminants like Cd, Cr, Hg, Ni, Pb 
and Zn (Mattigod et al. 1990; Chaudhary and Banerjee 2007; Ram and Masto 2010). 
The concentration of heavy metals in fly ash varies with the coal type. The higher 
concentration and mobility of the constituent toxic metals raise the environmental 
concern for the safe disposal, and utilization of fly ash (Ram and Masto 2014). The 
available metal concentration is an indication of the amount available for plant uptake 
(Gupta and Sinha 2009). DTPA-extractable heavy metal contents in fly ash amended 
soil are the best indicator of metal fractions bioavailable to plants (Gupta and Sinha 
2006). The application of fly ash to the soil may cause accumulation of these heavy 
metals in the entire food chain via uptake in the plant tissues (Ram and Masto 2014). 
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 As compared to other parts of the world, the quantities of the toxic metals in 
the fly ash generated in India are in far lower amounts and well within the limits 
prescribed for soil application of waste materials (Sushil and Batra 2006; Ram and 
Masto 2010; Ram et al. 2011). Soil DTPA extractable metals (phytoavailable metals) 
decreased with an increase in the fly ash amendment ratio from 10% to 50%, although 
the total soil heavy metals increased on fly ash addition (Sinha and Gupta 2005). The 
amounts of Cu, Pb, and Ni increased in soil on fly ash application, but not beyond the 
normal range (Tripathi et al. 2009). Heavy metal concentration in Phaseolus vulgaris 
var.T55 and Vigna radiata increased when grown in soil amended with different 
amounts (10 and 25%) of fly ash (Gupta et al. 2007, Gupta and Sinha 2009). 
Concentration of Cd, Cr, Cu and Zn increased in the soil when amended with varying 
levels (25, 50 and 100%) of fly ash (Pandey et al. 2010).  
2.2.3.1. Accumulation of heavy metals in plants  
 The general apprehension of fly ash application in agricultural practices is the 
uptake and accumulation of toxic heavy metals in edible crop plants (Ram and Masto 
2014). The availability in soil and accumulation of toxic heavy metals in plants vary 
with the type of soil and plant (Epstein and Jefferies 1964). Similar amount of a given 
fly ash may have variable effect with soil of varying properties (Ram and Masto 
2014). Soil properties like pH, organic carbon, cation exchange capacity (Yassoglou 
et al. 1987; Chambers and Siddle 1991; Ram and Masto 2010), microorganisms 
around the root zone (Kisku et al. 2000), concentration and chemical state of metals 
(Olaniya et al. 1992) influence the metal uptake. The metal translocation is further 
affected by the growth stage of the plants, mobility of such metals to the root, their 
transport from the root surface to root interior and translocation from root to shoot 
(Chaney and Giardono 1977).  
 Concentration of heavy metals in pea plant increased significantly when 
grown in soil amended with different fly ash levels (5, 10, 15, 20, 25%) but, metal 
concentrations remained below the permissible limits in pea seeds on lower levels (5, 
10%) of fly ash application (Sharma et al. 2011). The accumulation of Cd, Cr, Cu, Ni, 
Pb and Zn increased but remained within permissible limits in different parts of Beta 
vulgaris grown in varying levels of fly ash amended soil (Singh et al. 2008). The 
concentration of heavy metals in the roots was relatively higher than in the shoots and 
seeds of chickpea grown in fly ash amended soil (Pandey et al. 2010). In a rice-
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mustard cropping system, Rautaray et al. (2003) found that the Cd and Ni in rice grain 
and straw decreased due to the direct effect of fly ash related increases in soil pH. 
Slight increases in the Cd content of mustard seeds were noted under the residual 
influence of fly ash. The fly ash amendment did not significantly increase heavy 
metals content in rice samples (Bhattacharya et al. 2012). 
2.3. Sewage sludge and fly ash mixture 
 The combined use of fly ash and sewage sludge reduce the pollution potential 
of sewage sludge. The alkaline coal fly ash containing a large proportion of CaO, acts 
as a stabilizing agent of sewage sludge (Samaras et al. 2008) and thereby reduce 
heavy metal availability (Wong 1995; Wong and Lai 1996; Jiang et al. 1999). Due to 
their contrasting physical and chemical properties and nutrient contents, land 
application of the mixture of both fly ash and sewage sludge improves the soil quality 
(Sajwan et al. 2003). Fly ash has a high pH value and can substitute lime in reducing 
sewage sludge acidity when applied for eco-remediation at mining areas (Zhang et al. 
2008). After mixing fly ash and sewage sludge, a short incubation period of 21 days is 
needed for sewage sludge stabilization to reduce the adverse effects of soluble NH+, 
Cu and Zn, and to provide sufficient time for the build up of NO3 in the soil (Wong 
and Su 1997).  
 The fly ash-sewage sludge mixture has all capabilities of accelerating the 
growth of plants and improving the biomass production. The highest yields were 
obtained at 1:1 (w/w) mixing ratio (Huapeng et al. 2012). A rational combination ratio 
of fly ash and sewage sludge and its application in soil did not pose any threat to both 
soil and food chain (Huapeng et al. 2012). 
2.4. Transfer of heavy metals in plant-insect food chains 
 Plants can be seen as the most important route for the transfer of heavy metals 
from soil to phytophagous insects (Beeby 1985; Hopkin 1989; Gorur 2007). This does 
not always have a negative effect as some herbivores are adapted to high 
concentrations of metals in the host plants they consume and sequester these metals in 
their tissues without any apparent negative physiological impact (Boyd and Wall 
2001; Boyd 2009) as a defence against parasitoids, predators and pathogens (Jensen 
and Trumble 2003). The accumulation of heavy metals in the bodies of these 
herbivores through feeding on contaminated host plants heightens the potential for 
metal transfer through the food chain to consumers (Smith 1996; Boyd and Martens 
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1998; Jensen and Trumble 2003; Gorur 2007; Xie et al. 2014). By contrast, high 
concentrations of heavy metals in the plants have only negative implications for most 
herbivores. 
2.4.1. Transfer from the soil to the plant 
 Heavy metals present in the soil enter through plants to the food chain of 
above ground herbivorous insects. The risk of metals entering a food chain depends 
on the mobility of the metal and its availability in the soil. In the soil, metal cations 
are bound to negatively charged particles such as clay and organic matter (Rajakaruna 
and Boyd 2008). When metals detach from these soil particles and enter the soil 
solution, they become bioavailable with potential to accumulate in plants and other 
soil-dwelling organisms (Neilson and Rajakaruna 2012; Silva and Camilotti 2014). 
Several studies revealed the effects of various physical, chemical, and biological 
processes on the bioavailability of metals in soils (Jabeen et al. 2009; Peralta-Videa et 
al. 2009; Maestri et al. 2010). 
 The uptake of heavy metals in plants is strongly related with total heavy metal 
concentration in the soil (Hooda et al. 1997) and soil pH (Sauerbeck 1991; Evans et 
al. 1995; Hooda et al. 1997). Lesser influencing factors include organic matter, clay 
content and the cation exchange capacity, which is principally derived from organic 
matter and clay present in the soil (Hooda and Alloway 1994; McBride 1995; 
Merrington et al. 2003). Hence, the concentration of heavy metals taken up by a plant 
depends on the extent of metal concentration and the physico-chemical properties of 
the soil.  
 Peralta-Videa et al. (2009) proposed that the mobility of Cd, Cr, Hg, As and 
Pb in soils and their uptake by plants, is partially mediated by rhizospheric microbial 
activity (Fitz and Wenzel 2002; Wenzel 2009). Soil bacteria, including those in the 
rhizosphere, may release antibiotics, antifungals, organic acids, hormones, and metal 
chelators, which may increase or decrease metal bioavailability to plants or other 
organisms (Fitz and Wenzel 2002; Xiong et al. 2008; Wenzel 2009; Weyens et al. 
2009).  
 Some heavy metals (Ni, Cu, Mn, and Zn) are important to particular biological 
processes in plants (Epstein and Bloom 2004). The plants have evolved highly 
specific and efficient mechanisms to procure essential micronutrients from their 
environment (even if they are present at very low concentrations) to redistribute and 
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sequester them. These evolved mechanisms for the uptake of essential micronutrients 
also take up and store the non-essential heavy metals, whose chemical properties 
simulate those of essential elements (Tangahu et al. 2011). Multiple transport systems 
are involved in Zn uptake by roots (Zhao et al. 2002; Verbruggen et al. 2009; Rascio 
and Navari-Izzo 2011). Some proteins (ZRT1/IRT1) are well characterised 
transporters that play a role in the transmembrane uptake of Zn2+ by root cells 
(Kramer et al. 2007). Cadmium resembles Zn in many physical and chemical 
properties and the interaction between Zn and Cd in the biological system is likely to 
be similar (Singh and Fulekar 2012). This similarity with Zn can result in Cd transport 
by the members of the ZIP family transporters (Kramer et al. 2007). Pourrut et al. 
(2013) have postulated that the ZIP and CDF transporters may also play role in the 
active transport of Pb. Specific transporters for Ni hyperaccumulation have not yet 
been identified. But, preference of Zn uptake over Ni by some Zn/Ni 
hyperaccumulators (Assunção et al. 2001) strongly indicates that a Zn transport 
system might also be employed in Ni entrance into roots (Assunção et al. 2008; 
Figure 2.3). Most of the heavy metals taken up from the soil by plants are retained in 
root cells (Sauerbeck 1991; Guo and Marschner 1995) where they are detoxified by 
complexation with amino acids, organic acids or metal-binding peptides and/or 
sequestered into vacuoles (Hall et al. 2002). Whereas some plants 
(hyperaccumulators) rapidly and efficiently translocate these elements to the shoot via 
the xylem (Rascio and Navari-Izzo 2011; Dar et al. 2015b) as shown in Figure 2.3.  
 The movement of heavy metals from root to shoot is facilitated by transporter 
proteins of MATE (FRD3), OPT (TcYSL3 and TcYSL7) and P-type ATPases 
(HMAs) families (Figure 2.3; Verbruggen et al. 2009; Rascio and Navari-Izzo 2011; 
Dar et al. 2015b). The HMAs located at plasma membrane of xylem parenchyma are 
grouped into two classes: Cu/Ag group- transporting monovalent cations and 
Zn/Co/Cd/Pb group-transporting divalent cations (Verbruggen et al. 2009). Thus Ag+ 
enters the xylem parenchyma through monovalent cation (Cu+) transporter HMA and 
Cd2+ and Pb2+ (bivalent cations) enter through bivalent cation transporter HMAs. 
There is also indirect evidence that Cd2+ may also enter plant cells via Ca2+ uptake 
channels (Perfus-Barbeoch et al. 2002). These mechanisms vary significantly with 
plant species and cultivars (Florijn et al. 1993a; 1993b; Guo and Marschner 1995; 
Hart et al. 1998a, 1998b). The heavy metals translocated to the aerial parts of the plant 
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are of paramount importance in determining the level of exposure of above ground 
herbivores (Chaney et al. 2000; Peterson et al. 2003; Boyd 2009; Gall and Rajakaruna 
2013). Plants highly tolerant to high quantities of accumulating toxic metals are of a 
greater health risk than those which are very sensitive and show definite symptoms of 
toxicity (Alloway 1995; Winder et al. 1999). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
 The phloem vascular system transports metabolites to various plant parts 
(Welch 1995). The translocation of toxic metals through phloem sap channel results 
in the redistribution of Cd, Zn and Fe into the rice grains (Yoneyama et al. 2010) and 
Figure 2.3: Diagrammatic representation of uptake, transport and sequestration/detoxification 
of heavy metals in plants. (CAX: cation exchangers; CDF: cation diffusion facilitators; FDR3: a 
member of the multidrug and toxin efflux family; HM: heavy metal; HMA: heavy metal 
transporting ATPases; NA: nicotianamine; S: sulfate transporters; YSL: yellow strip 1-like 
proteins; ZIP: zinc-regulated and iron-regulated transporter proteins). Adapted from Rascio and 
Navari-Izzo (2011). 
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Co, Ni, Cd and Zn from leaf to the ear of winter wheat (Riesen and Feller 2005). 
Similar redistribution of Cd occurs in durum wheat (Cieslinski et al. 1996; Harris and 
Taylor 2001) and rice (Tanaka et al. 2007; Yan et al. 2010). In addition, re-
translocation of heavy metals to the roots of wheat plants also occurs through phloem 
transport (Cakmak et al. 2000; Riesen and Feller 2005). The high levels of 
carbohydrate in phloem sap make it a useful food source for liquid-feeding insects 
(Glowacka et al. 1997) like aphids. The transport of heavy metals in phloem sap has a 
significant influence on the exposure of phloem sap sucking insects. The majority of 
heavy metals in xylem fluid and phloem sap are generally in the form of complexes 
rather than ions (van Goor and Wiersma 1976; Welch 1995). Phloem sieve tubes are 
metabolically active and regulate the levels of heavy metals (Welch 1995; Herran and 
Feller 1996; Zeller and Feller 1999) and the form in which they are present in phloem 
sap (Welch 1995).  
2.4.2. Heavy metal accumulation in phytophagous insects 
 Phytophagous insects have an important functional role in the terrestrial 
ecosystems, because they are primary consumers of plants and transfer energy to the 
next trophic level (Lindqvist and Block 1997; Andersen et al. 2002; Rehman 2014). 
Being primary consumers and subsequently preyed upon by other insectivorous 
mammals and insects, the herbivores play an important role in accumulating and 
transferring toxic metals to higher trophic levels (Devkota and Schimidt 2000).  
 Bioaccumulation of metals in food chain depends upon several interacting 
factors such as environmental conditions, metal specificity (essential or non-essential) 
and species specific characteristics (Luoma and Rainbow 2005; Wijnhoven et al. 
2006, 2007). Bioaccumulation of metals through grazing depends on metal levels in 
the plants consumed and interaction between internal processes regulating 
concentrations of both essential and non-essential metals below the toxic levels 
(Mann et al. 2011). 
 Non-essential heavy metals such as Cd and Pb are poorly regulated and more 
effectively bioaccumulated in herbivorous insects than essential heavy metals such as 
Cu and Zn (Janssen et al. 1991; Rainbow 2002). Studies investigating heavy metal 
concentration in phytophagous insects that feed by chewing the plant suggest that this 
is partially true. Jamil and Hussain (1992) observed that Neochetina eichhornae 
(Warner) accumulated large quantities of Zn and Cd when allowed to feed upon the 
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leaves of Eichhornia crassipes grown in water contaminated with Zn and Cd. The Cd 
and Pb accumulation factors in two species of grasshoppers to their food plants in 
Huludao city, China were in the range of 1.38–2.56 for Locusta migratoria manilensis 
and 0.43–0.85 for Acrida chinensis, respectively (Zhang et al. 2012). Devkota and 
Schimidt (2000) also found that Cd was biomagnified but Pb in grasshoppers 
collected from Taigetos Mountains of Greece was always lower than in their food 
plants (Table 2.3). In the light of biomagnification factors, Pb and Cd were 
biominimized whereas Zn and Cu biomagnified in grasshoppers feeding on the plants 
growing on the sediments of polluted shore of the Xiang river, China (Zhang et al. 
2014). The Cd transfer from a hybrid plant (Rumex K-1) to its insect herbivore 
Spodoptera litura declined (Zhuang et al. 2009). But, Cu and Zn concentration 
increased to about 7 times in the larvae of S. litura than in the leaves of their host 
plant as reported by Zhuang et al. (2009). Prince et al. (2001) focussed on a mulberry-
silkworm food chain to assess the biomobility of heavy metals in soil-plant-insect 
food chain and evidenced higher accumulation of Cu and Cd in silk worm (Bombyx 
mori L.) larvae. But, Zhou et al. (2015a) did not find any level of biomagnification of 
Pb in soil-mulberry (Morus alba L.) -silkworm (B. mori) food chain (Table 2.4). 
These findings support the view that Pb accumulation is well regulated, whilst Cd 
along with Cu and Zn are poorly regulated. 
 A more complicated picture is presented by the evidence for those insects that 
feed by feeding on plant liquids. Cd was biomagnified in aphids (Aphis fabae) feeding 
on phloem sap of metal contaminated Vicia faba plants, whilst Cu accumulation was 
well regulated (Crawford et al. 1995). Grain aphids (Sitobion avenae) accumulated 
about 4 times greater quantity of Zn than that found in host plants (Winder et al. 
1999). In another study, the same species of aphid accumulated about eight and ten 
times higher amounts of Cd and Zn, respectively than the concentrations found in ears 
of wheat plants on which they were feeding (Merrington et al 1997a). The Cd and Zn 
in grain aphid (Sitobion avenae) biomagnified 1.4 and 2.4 times, respectively than the 
accumulating amounts in its host wheat (Triticum aestivum cv. Alexander) plant 
(Green et al. 2003) and 1.6 and 2.7 times, respectively than the amounts in another 
host plant (Hordeum vulgare) as recorded by Green et al. (2006) in their later study 
(Table 2.4). There are some contrasting reports as well. Cadmium was biominimized 
in aphids in sewage sludge amended soil-pea plant-aphid (Acyrthosiphon pisum) food  
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Table 2.3: Biomagnification and excretion factors for various heavy metals in various trophic levels of different soil-plant-insect food chains from polluted 
and non-polluted areas of natural ecosystems. The soil–plant–insect system was divided into three subsystems: soil–plant, plant– phytophagous insect and the 
phytophagous insect– carnivorous insect.  
Food chain Hg Pb Cd Zn Cu Ni Reference 
Plants to herbivorous insects       Devkota and 
Schimidt (2000) Food plants– Grasshopper (Calliptamus italicus) 0.84F, 0.99M 4.19F, 3.09M 0.53F, 0.32M - - - 
Food plants– Oedipoda caerulcesens 1.30F, 0.62M 2.97F, 2.16M 0.42F, 0.47M - - - 
Food plants– O. germanica 0.70F, 0.71M 4.35F, 2.15M 0.57F, 0.62M - - - 
Food plants–Chorthippus crassiceps 2.0F, 2.04M 3.27F, 2.72M 0.47F, 0.39M - - - 
Plant to herbivorous insects        Boyd et al. 
(2006) Plant (Berkheya coddii)- herbivorous insect (Agonoscelis erosa) - - - - - 0.28 
B. coddii-Anoplocnemis curvipes - - - - - 0.11 
B. coddii- Boerias ventralis - - - - - 0.12 
B. coddii- Veterna sanguineirostris - - - - - 0.38 
B. coddii- Sphaerocoris testudogrisea - - - - - 0.055 
B. coddii- Spilostethus rivularis - - - - - 0.066 
B. coddii- Chrysolina clathrata - - - - - 0.016 
B. coddii- Hycleus lunatus - - - - - 0.018 
Plant to herbivorous insects       Migula et al. 
(2007) B. coddii-Achaemenes pseudocostalis - - - - - 0.013 
B. coddii- Anoplocnemis dallasiana - - - - - 0.10 
B. coddii- Norialsus berkheyae - - - - - 0.017 
B. coddii- Orthesia sp. - - - - - 0.029 
B. coddii- Protaphis pseudocardui - - - - - 0.0074 
B. coddii- Spilostethus rivularis - - - - - 0.014 
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B. coddii- Chrysolina pardalina - - - - - 0.10 
Soil to plants to herbivorous insects to predatory insect 
       
Zheng et al. 
(2008) 
Soil–Plant 0.013 - - - - - 
Plant–Locusta migratoria manilensis 0.249 - - - - - 
Plant–Acrida chinensis 0.184 - - - - - 
L. migratoria manilensis/ A. chinensis–(Paraten-odera sinensis). 3.00 - - - - - 
Soil to plant to herbivorous insect to predatory insect        Zhang et al. 
(2009) Soil– plant (Ulmus pumila) 0.39 0.81 1.74 - - - 
U. pumila–herbivorous insect (Holotrichia) 4.71 7.21 10.46 - - - 
Soil–foliage 0.17 1.6 8.02 - - - 
foliage–herbivorous insect (Eligma narcissus) 13.08 3.51 2.41 - - - 
Soil– plant (Echinochloa crusgalli) 0.22 1.08 3.22 - - - 
E. crusgalli–  herbivorous insect (Locusta migratoria manilensis) 0.47 0.25 1.07  - - 
E. crusgalli– A. chinensis 2.88 1.31 4.28    
L. migratoria manilensis–Spider 1.48 1.93 3.04 - - - 
L. migratoria manilensis–Mantis 21.55 7.92 1.13 - - - 
A. chinensis–Spider 0.24 0.37 0.76 - - - 
A. chinensis–Mantis 3.54 1.53 0.28 - - - 
Soil to plant to herbivorous insect       Zhuang et al. 
(2009) 
Soil–Rumex K1 - 0.017 0.96 0.18 0.63 - 
Rumex K1–herbivorous insect (Spodoptera litura) - 2.06 0.16 8.33 4.92 - 
S. litura–faeces - 4.24 22 1.28 1.05 - 
Soil to plant to grasshoppers to Spider 
       
Zhang et al. 
(2010) 
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Soil– E. crusgalli 0.03 - - - - -  
 E. crusgalli – L. migratoria manilensis 0.78 - - - - - 
E. crusgalli – A. chinensis 1.10 - - - - - 
L. migratoria manilensis–Spider 1.12 - - - - - 
A. chinensis–Spider 0.80 - - - - - 
Soil to plant to herbivorous insect  
       
Wan et al. (2014) 
Soil–Rice plant - 0.06 3.63 2.45 1.41 - 
Rice plant– Nilaparvata lugens - 0.37 0.95 1.33 0.92 - 
Superscripts “F” and “M” represent female and male, respectively. 
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Table 2.4: The range of biomagnification and excretion factors for various heavy metals in various trophic levels of different soil-plant-insect food 
chains from various green house, laboratory and field studies. The soil–plant–insect system was divided into three subsystems: soil–plant, plant–
phytophagous insect and the phytophagous insect–carnivorous insect.  
 
Food chain Type of Exposure and 
Dosage 
Pb Cd Zn Cu Reference 
Soil to mulberry plant to silkworm 
Cd and Cu treatments 
separately (5, 10, 20, 40, 80, 
160 μg g-1 soil) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Prince et al. (2001) 
Soil-mulberry leaves  - 0.76 - 6.21 - 0.25 - 1.34  
Mulberry leaves– silkworm (Bombyx mori)  - 0.53 - 2.76 - 1.57 - 3.12  
B. mori –faeces  - 0.31-2.92 - 0.52 - 0.81  
Soil to wheat to aphid to ladybird Sewage sludge amendments 
(10 and 30 tons ha-1) 
   - Green et al. (2003) 
Soil–wheat (Triticum aestivum)  - 0.99 - 1.86 1.85- 2.05 - 
wheat–aphid (Sitobion avenae)  - 0.87 - 1.33 2.15- 2.16 - 
aphid –ladybird (Coccinella septempunctata)  - 0.47- 0.53 0.87- 0.95 - 
Soil to barley to aphid to lacewing Sewage sludge amendments 
(10, 30 and 100 tons ha-1) 
- - - - Green et al. (2006) 
 Soil– barley (Hordeum vulgare)  - 0.41 - 0.86 1.30- 1.95 - 
barley – aphid (S. avenae)  - 0.86 - 1.56 1.37- 2.47 - 
aphid – lacewing (Chrysoperla carnae)  - 1.50 - 3.62 0.82- 1.44 - 
Soil to mulberry plant to silkworm Pb treatments (25, 50, 100, 
200-400 mg liter-1) 
 - -  Ashfaq et al. (2009) 
Soil–mulberry (M. alba)  0.13* - - - 
mulberry–silkworm (B. mori)  1.43* - - - 
silkworm-faeces  0.36* - - - 
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Soil to mulberry plant to silkworm Zn treatments (25, 50, 100, 
200-400 mg litre-1) 
- - - - Ashfaq et al. (2010) 
Soil–mulberry (M. alba)  - - 0.36* - 
mulberry–silkworm (B. mori)  - - 0.63* - 
silkworm-faeces  - - 0.46* - 
Soil  to wheat to aphid to lacewing Cd treatment 
(10 mg kg-1 soil) 
- - - - Alonso et al. (2009) 
Soil –wheat (T. aestivum)  - 0.64 - - 
wheat –aphid (R. padi)  - 1.30 - - 
aphid – lacewing (C. carnea)  - 0.42 - - 
Soil to plant to herbivorous insect Cd treatment 
(5, 10 and 20 mg kg-1 soil) 
-  - - Ding et al. (2013) 
Plant (Amaranthus hypochondriacus) – 
herbivorous insect (P. litura) 
 - 0.31- 0.50 - - 
insect-faeces  - 3.3-5.1 - - 
Soil to mulberry to silkworm  Pb treatment 
(200, 400, 800 mg kg-1 soil) 
- - - - Zhou et al. (2015a) 
Soil–mulberry (M. alba) leaves  0.08 - 0.20 - - - 
mulberry leaves– silkworm (B. mori) larvae  0.10 - 0.19 - - - 
silkworm larvae–faeces  25.07- 40.15 - - - 
silkworm larvae–peel  2.52 - 7.56 - -  - 
mulberry leaves– silkworm moth  0.07 - 0.10 - - - 
Soil to mulberry to silkworm  Cd treatment 
(8, 32 and 64 mg kg-1 soil) 
    Zhou et al. (2015b) 
Soil (available form)–mulberry (M. alba) 
leaves 
  0.11 - 0.36    
mulberry leaves– silkworm (B. mori)  larvae   0.76 - 0.85    
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silkworm larvae–faeces   2.15 - 2.92    
silkworm larvae–peel   0.63 - 2.62    
Soil to mustard plant to aphid to ladybird  Sewage sludge amendments (5, 10 and 20%)     Dar et al. (2015a) 
soil- mustard (Brassica juncea) plant  0.96 - 1.26 1.93 - 3.18 1.15 - 2.10   
mustard plant- aphid (Lipaphis erysimi)   0.66 - 0.93 0.72 - 1.73 1.11 - 2.29   
aphid- adult ladybird (Coccinella 
septempunctata) 
 0.56 - 0.79 0.49 - 0.55 0.85 - 1.22   
Values with superscript “*” are recorded at the maximum concentration of metals in food chain. 
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 chain system (Green and Tibbett 2008). The transfer coefficient from shoot of wheat  
(Triticum aestivum cv. Challenger) plants to aphids (S. avenae) were below one in all 
treatments and fell substantially with increasing sewage sludge amendment rate 
(Green et al. 2010). Merrington et al. (1997b) found the same trend of accumulation in 
the bird cherry oat aphid (Rhopalosiphum padi) feeding on wheat plants grown on 
sewage sludge contaminated soil.  
 Psyllids are other liquid feeding organisms of Hemipteran group representing 
a family closely related to aphids and producing similarly large amounts of 
carbohydrate-rich liquid ‘honeydew’ (Novak 1994; Głowacka et al. 1997). Głowacka 
et al. (1997) investigated heavy metal accumulation in Jumping-plant lice (psyllids). 
Of the 14 species studied, 11 biomagnified Cu compared to their host plant, 13 Zn, 11 
Cd and only 1 Ni. In this report, biomagnification of metals in psyllids was species 
and metal dependent including Psylla alni, P. fusca and P. foersteri species feeding 
on same host plant Alnus glutinosa (Głowacka et al. 1997). All these studies reveal a 
general tendency of bioaccumulation of Cu and Zn (essential heavy metals) in both 
chewing and liquid feeding invertebrates, whilst non-essential heavy metals (Pb and 
Ni) are biominimized. But, Cd is an exception to this rule as it tends to bioaccumulate 
like essential metals. The Cd may follow the multiple uptake pathways of essential 
elements to get transported into cells, including enterocytes (He et al. 2009). The 
metal accumulation varies greatly amongst species feeding on same plant hosts 
(Glowacka et al. 1997; Alonso et al. 2009) and thus, there are species that do not 
conform to the general pattern. 
2.4.2.1 Effects of heavy metals on phytophagous insects  
  The toxic effects of heavy metal accumulation on organisms in food chains 
have received considerable scientific attention in last 15 years (Boyd and wall 2001; 
Scheifler et al. 2002; Cervera et al. 2004; Butler and Trumble 2008; Ashfaq et al. 
2010; Konopka et al. 2013; Shoukat et al. 2014; Xie et al. 2014; Zhou et al 2015a; 
Shu et al. 2015). The transfer and accumulation of heavy metals along the food chain 
accelerates the overall ecosystem deterioration and influences the metabolism and 
development of component organisms (Gao et al. 2012). Comparative studies on the 
uptake of metals by herbivore insects and their subsequent effects are limited. 
Generally, the effects of heavy metal accumulation are negative in terms of growth, 
fitness and fecundity (Butler and Trumble 2008; Mogren and Trumble 2010). For 
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example, Ashfaq et al. (2010) observed that the large amount of bioaccumulated Zn in 
Bombyx mori decreased the body length, body weight and increased the mortality of 
insect. The life cycle of B. mori was adversely affected when fed on mulberry leaves 
of plants grown in Cr (VI) contaminated soil (Shoukat et al. 2014).The body growth 
and silk production was also inhibited under the effect of Cr (VI) accumulation in B. 
mori (Shoukat et al. 2014).   
 Gorur (2009) reported that population of cabbage aphid Brevicoryne brassicae 
reared on Zn and Cd contaminated host plants was highly instable. The fecundity 
(number of offspring produced per day) and fitness (intrinsic rate of population 
increase) of cabbage aphid reduced about 30% when reared on plants contaminated 
with Pb or Cu (Gorur 2007).  Reproduction potential of aphid population reared on 
contaminated host decreased significantly and their mortality increased (Gorur 2007). 
Survival and reproduction of Sitobion avenae feeding on Cd contaminated wheat 
plants were inhibited under the stress of Cd (Gao et al. 2012). The uptake and 
accumulation of heavy metals in insects feeding on contaminated host plants affected 
life history traits due to direct toxicity or reduced food quality of host plants (Gorur 
2007). Heavy metals are known to affect the reproduction in insects by inhibiting 
vitellogenesis in them (Cervera et al. 2004). Shu et al. (2009a, 2009b) found that high 
levels of Pb and Zn inhibited the expression of vitellogenin (Vg)- a protein precursor 
for yolk protein in female adults of Spodoptera litura and negatively affected its 
reproduction. More recently, (Xie et al. 2014) found that the expression of AmVg (a 
gene encoding Vg in Aphis medicaginis) was reduced in aphids fed on broad bean 
seedlings contaminated with Zn2+. Thus, the accumulation of toxic heavy metals had 
adverse effects on the reproductive capacity and physiology of phytophagous insects. 
It is pertinent to mention here that different heavy metals have different impacts on 
life history traits of phytophagous insects living on the same host plant, and the same 
heavy metal can have different effects on the life history traits of phytophagous 
insects across different host plants (Gorur 2007). These variations in the effects of 
heavy metals can be due to a different uptake strategy or by different physiological 
pathway involved in the metabolism of heavy metals (Gorur 2007).  
 Effects of accumulating metals on organisms vary with the metal and its 
concentrations in different parts of the plant as well as on the insect species exposed 
(Konopka et al. 2013). The chewing herbivores feeding on leaves may be exposed to 
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higher levels of a metal than the direct phloem suckers (Konopka et al. 2013). 
Konopka et al. (2013) found shorter period of larval development of leaf chewing 
cabbage looper (Trichoplusia ni) fed on Cd accumulating Brassica juncea. But, the 
reproductive maturity and performance of green peach aphid (Myzus persicae) reared 
on same Cd accumulating B. juncea plants remained unaffected (Konopka et al. 
2013). The cadmium in hyperaccumulator plants primarily accumulates in the 
epidermis of leaf tissue, with some or none found in phloem (Mesjasz-Przybylowicz 
and Przybylowicz 2011). Thus, a phloem-feeder, such as Myzus persicae, would 
ingest almost nil or negligible amounts of cadmium. In contrary, Crawford et al. 
(1995) demonstrated that although black bean aphid (Aphis fabae Scopoli) fed on 
highly contaminated host plant could accumulate higher amount of Cd, but this 
biotransfer of Cd had only few adverse effects on aphid growth, development and 
reproduction. There was no significant difference in the fresh mass of Sitobion avenae 
aphids harvested from plants showing Zn contamination from sewage sludge (Green 
et al. 2003), suggesting that there was no negative impact on grain aphids. Similarly, 
Alonso et al. (2009) did not find any negative effect on the population of aphid 
(Rhopalosiphum padi) measured in terms of biomass when fed on Cd contaminated 
wheat plants. Cd accumulation in Prodenia litura larvae reached to the level of 187 
mg kg-1, when fed on Cd contaminated plants, yet no toxic effect was found in the 
larvae (Ding et al. 2013). The major strategy for limiting toxic effects of nonessential 
metals was through the tactics of excretion (Vijver et al. 2004; Ding et al. 2013) and/ 
or through the induction of the metallothionein genes by Cd (Zalups and Ahmad 
2003; Roosens et al. 2005) to bring in operation the Cd detoxification pathway in 
organisms (Nolan et al. 2003; Calhoa et al. 2011). 
 Concentrations of heavy metals found in contaminated habitats cause either 
immunostimulation or immunosuppression in terrestrial insects (Sun et al. 2011), the 
exact effect is dependent on the form and the nature of the metal (Bañuelos et al. 
2002). The low concentrations of Ni can stimulate the immune system in Spodoptera 
litura, but higher concentrations can cause death by inhibiting the immune system 
(Sun et al. 2011). The potential toxic metals often enhance the immune response of 
insects against their parasites and also increase their tolerance to chemical insecticides 
by increasing the expression of cytochrome P450 gene in them (Zhou et al. 2012). The 
induction of cytochrome P450 may enhance the detoxification of exogenous 
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compounds and synthetic organic insecticides such as pyrethroids (Feyereisen 1999). 
In Lepidoptera, CYP6Bs have been associated with detoxifying a variety of 
insecticides (Li et al. 2004; Rupasinghe et al. 2007). Exposure to heavy metals does 
not always results increased resistance to pesticides as exposure to heavy metals can 
also increase susceptibility to other stressors, including pesticides (Stone et al. 2001; 
Lagisz and Laskowski 2007). The simultaneous exposure of Cd and insecticide 
(imidacloprid) reduced the rate of population increase of the pea aphid (Acyrthosiphon 
pisum) as reported by Kramarz and Stark (2003). In summary, whilst heavy metal 
accumulation adversely affect the metabolic and life history parameters of 
phytophagous insects, it is also clear that some species in some instances may be 
benefitted. This may particularly be the case of some phytophagous insects in which 
exposure to elevated metal levels triggers metabolic changes to enhance insecticide 
tolerance and concurrently natural enemies are negatively affected by metal 
accumulation in their prey.  
2.4.3. Transfer of heavy metals from herbivore insects to predatory insects  
 Since about past 40 years, it is well known that concentrations of some 
toxicants increase along the food-chains (Colinvaux 1973; Collier et al. 1973) and 
these elevated levels of toxicants could lead to secondary toxicity that endangers the 
top-carnivores (van Straalen and Ernst 1991). The past findings of various studies on 
metal biotransfer along the terrestrial food chains are conflicting (Beyer 1986; Van 
Straalen and Van Wensem 1986; Laskowski 1991). The Cd is the one metal that has 
been demonstrated to be biomagnified along terrestrial food chains. Some 
phytophagous invertebrates can biomagnify the Cd ingested through their food plants 
(Zhang et al. 2009). But this biomagnification becomes less predictable as the trophic 
level increases. Some invertebrate predators have developed physiological 
mechanisms to biominimize the Cd from their prey (Mann et al. 2011). Two aphid 
predators, lacewings (Mallada signata) and ladybirds (Coccinella septempunctata) 
did not biomagnify Cd contained in their aphid prey (Merrington et al. 2001; Green et 
al. 2003). Despite a significant transfer of Cd in soil-plant (Triticum aestivum) – aphid 
(Rhopalosiphum padi)- lacewing (Chrysoperla carnea) food chain, no 
biomagnification was found in the predatory species (Alonso et al. 2009). In contrast, 
Green et al. (2006) found higher Cd concentrations in same predatory species (C. 
carnea) than in the aphid (Sitobion avenae) prey on which they fed. This indicates 
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that differences in metal accumulation do occur in same predator when consuming 
different prey organisms.  
 The predatory spider (Dysdera crocata) which preyed upon isopods with high 
body burdens of Cd did not assimilate Cd in its midgut and excrete effectively 
(Hopkin and Martin 1985; Hopkin 1989). In contrast, when wolf spiders (Pirata 
piraticus) were provided with Cd contaminated fruit flies, they assimilated nearly 
70% of Cd from its prey without any elimination (Hendrickx et al. 2003). These 
contrasting findings indicate variations in the physiology of individual species and, 
thus generalisation about heavy metal accumulation cannot be made based on close 
taxonomic relationship. 
 Concentration of Zn in the predatory beetle Bembidion lampros was about two 
times higher than the aphid Sitobion avenae on which it fed (Winder et al. 1999). The 
same metal was not biomagnified in predatory beetle Coccinella septempunctata 
(Green et al. 2003) or marginally biomagnified in Chrysoperla carnae when fed on 
contaminated S. avenae aphids (Green et al. 2006). These studies clearly indicate that 
differences in heavy metal accumulation does not occur only among same carnivores 
feeding on different preys, but are also among the different carnivores of closely 
related taxa feeding on same prey in food chains. Among the potential toxic heavy 
metals, mercury in the form of methyl mercury is highly toxic and gets biomagnified 
along the food chain. The Hg biomagnified several times (biomagnification factor = 
21.55) in Mantis -a carnivore fed on grasshopper (Locusta migratoria manilensis) as 
reported by Zhang et al. (2009). In contrary, total Hg concentrations in the predatory 
spider (Acrida chinensis) bodies were on the same level as in grasshoppers (L. 
migratoria manilensis) fed to them (Table 2.3) as studied by Zhang et al. (2010). 
These findings clearly indicate that even same metals can show variations in the 
extent of accumulation in soil-plant-insect food chains having closely related 
carnivore taxa. 
 A number of factors determine the extent of accumulation and excretion of 
toxicants along the food chains. These factors include trophic position and feeding 
mechanism (Lindqvist 1994; Crawford et al. 1996; Heikens et al. 2001), metal species 
and insect physiology (Janssen 1988; Laskowski and Maryanski 1993; Kramarz 
1999), time and duration of metal exposure to organisms across food chain, instar of 
organisms (pre-pupae or pupae stage) and heavy metal bioavailability in prey for the 
consumption of predators (Alonso et al. 2009). It may be noted that most of the 
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studies were laboratory based and the predators were force fed on the contaminated 
diets or nutrient deficient diets or the prey deterred the carnivores through defence 
chemicals, rendering them less palatable. All these factors reduced predator uptake of 
metal via food chain (Green et al. 2006; Green and Walmsley 2013). The 
bioaccumulation factor (BAF) was changeable with any alteration in any of above 
factors (Alonso et al. 2009).  
2.4.3.1. Effects of heavy metals on predatory insects 
 In agroecosystems, predatory insects play an important role for the biological 
control of pest organisms (Merrington et al. 1997a, 1997b; Winder et al. 1999). But, 
on consumption of contaminated prey, the predators at successive trophic levels of 
food chain may be adversely affected in terms of health and fitness (Merrington et al. 
2001), because predators are more sensitive to toxicants than their prey Croft 1990; 
Kazimirova and Ortel 2000). This will result a proportionate reduction in the 
effectiveness of pest control (Merrington et al. 2001).  
 Boyd and wall (2001) found that mortality of predator (Misumena vatia) was 
significantly increased when fed either on high-Ni accumulating Melanotrichus boydi 
or various low-Ni prey. Recently, Xie et al. (2014) selected a Vicia faba- Aphis 
medicaginis – Harmonia axyridis food chain and treated V. faba with different 
concentrations of Zn2+. In this food chain, increased Zn2+ concentration in V. faba 
seedlings caused a concomitant decrease in predation of A. medicaginis by H. 
axyridis, and also in ovipositioning by H. axyridis (Xie et al. 2014). The higher Cu 
concentration in prey (Spodoptera exigua) decreased the growth and increased the 
development time of its predator Podisus maculiventris (Cheruiyot et al. 2013). But, 
higher Zn accumulation in S. exigua (prey) increased the development span of its 
predator P. maculiventris (Cheruiyot et al. 2013). Such delays in the development 
(and/or sexual maturity) may have repercussions on exposed populations (Caswell 
2000). Scheifler et al. (2002) reported 31% mortality in predatory beetles 
(Chrysocarabus splendens) even at low accumulation levels of Cd (< 1 µg g-1 dry 
weight) in their bodies. This shows that heavy metals may have detrimental effects on 
the population of predators even in the absence of adequate level of biomagnification. 
As such, it is essential to understand the impact that toxicants have on biological 
control agents so that these species can be protected and used successfully in 
integrated pest management programs (Kramarz and Stark 2003). 
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3. MATERIALS AND METHODS 
 The details of bioaccumulation and trophic transfer of cadmium (Cd), lead 
(Pb) and zinc (Zn) in mustard – aphid – beetle (ladybird) food chain from the sewage 
sludge and fly ash amended soil modelled in a series of five pot experiments during 
the winter season of years 2011-2014 are described under separate headings. In the 
present investigation, two different types of solid wastes i.e., sewage sludge (SS) and 
fly ash (FA) were used as source of potential toxic metals, viz., Cd, Pb and Zn.  
 The screening experiments (Experiment 1 and Experiment 2) were conducted 
simultaneously to determine (i) tolerance levels of (Brassica juncea L. Czern & 
Coss.) var. Alankar to varying amounts of sewage sludge and fly ash applied in soil 
and (ii) extent of uptake of Cd, Pb and Zn in shoot of the selected cultivar. Tolerant 
levels of sewage sludge were used in Experiment 3 and those of fly ash in Experiment 
4 to determine the extent of bioaccumulation of selected toxic metals in plant-aphid-
beetle food chain. In Experiment 5, the effect of sewage sludge as stabilized by fly 
ash on biotransfer of selected heavy metals along three trophic levels was 
investigated. The climatic conditions and details of the procedures employed in this 
investigation are described below. 
3.1. Agro-climatic conditions of Aligarh 
 Aligarh is a town of western Uttar Pradesh (a northern state of India) having 
an area of about 5024 km2. It is located about 130 km east of New Delhi at 27o52’ N 
latitude, 78o51’ E longitude and 187.45 m above sea level. It has semi-arid and 
subtropical climate, with severest hot dry summer and intense cold winter. The winter 
extends from the middle of October to the end of March. The mean temperature of 
December and January (the coldest months) is about 15 oC and 13 oC, respectively. 
The extreme minimum temperature recorded so far for any single day is 0.5 oC. The 
summer season extends from April to June and the average temperature of May and 
June is about 34.5 oC and 45.5 oC, respectively. The monsoon extends from the end of 
June to the middle of October with a temperature ranging between 26 oC and 30 oC. 
The average annual rainfall is about 847.3 mm. More than 85% of the total down pour 
is delivered during a short span of four months from the last week of June to 
September and nearly 10% of it is useful for ‘Rabi’ (winter) crops. The remaining 
showers are received during winter. The relative humidity in the winter ranges 
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between 56% and 77% with an average of 66.5%; in summer, 37% and 49% with an 
average of 43%; and in monsoon season, between 63% and 73% with an average of 
68%. The meteorological data of the investigation period were procured from the 
Meteorological Observatory, Department of Physics, Aligarh Muslim University 
(AMU), Aligarh. 
3.2. Experimental set-up 
3.2.1. Soil amendments for experiments  
 The experiments were conducted with variable levels of soil amendments with 
sewage sludge and fly ash. The sewage sludge was collected from the old waste water 
treatment plant of AMU. The sludge was air dried, finely powdered and sieved to 2 
mm mesh size before use. The fly ash (FA) was collected from Kasimpur Thermal 
Power Plant, Aligarh (UP, India) which generates 1.172 million tons of fly ash 
annually (CEA 2014). The fly ash was also air dried, finely powdered and sieved to 2 
mm mesh size before used for soil amendment. The soil (garden soil) was collected 
from AMU agriculture farm fields. 
 The sewage sludge and fly ash were mixed separately with the soil at the rates 
(on dry weight basis) as given in the Table 3.1. 
Table 3.1: Details of the amendments (treatments) for present study (Experiment 1 to 5).  
Experiments  Soil amendments 
Experiment 1. 
This Experiment was set up to screen the growth 
responses of the selected plant to varying levels of 
sewage sludge applied in soil. 
Sewage sludge applications 
Control (Unamended soil); 5% (5% SS + 95% 
soil); 10% (10% SS + 90% soil); 20% (20% SS 
+ 80% soil); 40% (40% SS + 60% soil); 70% 
(70% SS + 30% soil) and 100% (100% SS). 
(Ratio w/w, Appendix 1).  
Experiment 2. 
This Experiment was set up to screen the growth 
responses of the selected plant to varying levels of fly 
ash applied in soil. 
Fly ash applications 
Control (Unamended soil); 5% (5% FA + 95% 
soil); 10% (10% FA + 90% soil); 20% (20% FA 
+ 80% soil); 40% (40% FA + 60% soil); 70% 
(70% FA + 30% soil) and 100% (100% FA). 
(Ratio w/w, Appendix 1).   
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Experiment 3. 
The aim of the present Experiment was to investigate 
the extent of accumulation and transfer of cadmium, 
lead and zinc from tolerant levels of sewage sludge 
(as determined with responses of Brassica juncea in 
Experiment 1) in various components of mustard-
aphid-beetle food chain. 
Sewage sludge applications 
 Control (Unamended soil); 5% (5% SS + 95% 
soil); 10% (10% SS + 90% soil); 20% (20% SS 
+ 80% soil); 40% (40% SS + 60% soil). 
Experiment 4. 
This Experiment was performed in line with 
Experiment 3 to determine the extent of accumulation 
and transfer of cadmium, lead and zinc from tolerant 
levels of fly ash (as determined with responses of 
Brassica juncea in Experiment 2) in various 
components of mustard-aphid-beetle food chain. 
Fly ash applications 
Control (Unamended soil); 5% (5% FA + 95% 
soil); 10% (10% FA + 90% soil); 20% (20% FA 
+ 80% soil); 40% (40% FA + 60% soil). 
Experiment 5. 
The aim of this Experiment was to examine the 
potential of fly ash to stabilize sewage sludge 
and to investigate the resulting variation in 
accumulation of cadmium, lead and zinc along 
different components of selected food chain. 
Sewage sludge and/or fly ash applications 
Control (Unamended soil) 
 25% sludge- soil mixture (25:75 respectively) 
5:95 (FA:25% sludge mixture); 10:90 (FA:25% 
sludge mixture); 20:80% (FA:25% sludge 
mixture). 
50% sludge- soil mixture (50:50 respectively) 
5:95 (FA:50% sludge mixture); 10:90 (FA:50% 
sludge mixture); 20:80 (FA:50% sludge 
mixture). (Ratio w/w, Appendix 1).   
 
 Twenty eight pots were filled (6.5 kg in each pot) with soil or soil mixtures (as 
described in Table 3.1) for Experiment 1 and equal number for Experiment 2 (Table 
3.1, Figure 3.1). Twenty pots each for Experiment 3 and 4 (Table 3.1, Figure 3.2) and 
thirty six pots for Experiment 5 were prepared (Table 3.1, Figure 3.3). Four replicates 
were used for each treatment in all experiments (Figure 3.1, 3.2, 3.3). The soil 
mixtures filled in the pots was moistened to field capacity and incubated for three 
weeks to equilibrate under moist conditions (Epstein 2003). No chemical fertilization 
was done before and during the experiment. The characteristics and heavy metal 
concentrations in sewage sludge, fly ash, unamended soil (garden soil) and soil 
amended with sewage sludge and/or fly ash were analysed before sowing the seeds of 
selected crop. 
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Figure 3.1: Diagrammatic representation of the pots used in Experiment 1 and Experiment 2. Pots represent number of replicates of each treatment 
in a given Experiment. SS: Sewage sludge; FA: Fly ash. 
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Figure 3.2: Diagrammatic representation of the pots used in Experiment 3 and Experiment 4. Pots represent number of replicates of each treatment 
in a given Experiment. SS: Sewage sludge; FA: Fly ash. 
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Figure 3.3: Diagrammatic representation of the pots used in Experiment 5. Pots represent number of replicates of each treatment in a given Experiment.  
SS: Sewage sludge; FA: Fly ash. 
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3.3. Selection of mustard crop and sowing of seeds 
 Commonly cultivated cultivar of Indian mustard namely Brassica juncea L. 
Czern & Coss var. Alankar was selected to study the biotransfer of Cd, Pb and Zn 
from sewage sludge and fly ash amended soil. The seeds of the cultivar were obtained 
from the local market, Aligarh, India. The selected crop plant has been described in 
Introduction (sub-heading 1.2.1). After three weeks of incubation of soil mixture, ten 
seeds of the selected crop were sown in each pot to a depth of 0.5 cm. The pots were 
then placed in a fully randomised block pattern and were irrigated with water at 
regular intervals. To prevent leaching from pots, water retaining plates were placed 
below each pot to collect and reuse the percolated water (Figure 3.4A). After 
germination, the seedlings were thinned at 4- 5 leaves stage to retain 3 seedlings of 
equal growth vigour per pot and allowed to grow.  
3.4. Selection and culture of aphids (for 3rd, 4th and 5th Experiments) 
 Tritrophic experiments were performed in a glass house (about 16/8- h 
day/night, 20–25 °C temperature regime) of the Department of Botany, AMU, 
Aligarh. For tritrophic studies, most abundant aphid species feeding on mustard crop 
namely Lipaphis erysimi1 was selected to examine the biotransfer of selected heavy 
metals (Cd, Pb and Zn). The selected species of aphid is described in Introduction 
(sub-heading 1.2.2). After thinning, plants were allowed to grow until flowering stage 
(40 days after sowing). Prior to this experiment, the selected aphid species (L. 
erysimi) were cultured on the selected test crop grown in normal soil (without any 
amendment) until they multiplied adequately. From these laboratory cultured aphids, 
200 adult aphids were transferred on the plants (Figure 3.4) of each treatment 
(Experiment 3, 4 and 5). Individual pots were covered with fine nets (sleeve cages) to 
prevent the transfer of aphids between treatments (Figure 3.4A). Aphid cultures on 
each treated plants were left to establish for three weeks before all the aphids were 
collected from each pot following the method of Green et al. (2003). Collected aphid 
samples were divided into two sub-samples. One sub-sample from each treatment was 
used for heavy metal analysis and other was kept at -18 oC in deep freezer (DW-
40L626, Haier Bio-medical, China) until used for feeding predatory beetles. 
 
                                                 
1 Aphid species was identified by Dr. Equbal Ahmad, Associate Professor, P.G. Dept. of Zoology, T. 
M. Bhagalpur University, Bhagalpur- India 812 007. Email: equbal.tmbu@yahoo.com. 
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Figure 3.4.  (A) Pots covered with sleeve cages (picture taken outside the glass 
house). (B) Brassica juncea (mustard) plants inside the sleeve cage. (C) Aphids 
(Lipaphis erysimi) feeding on the abaxial side of the mustard leaf. (D) Aphids (L. 
erysimi) feeding on the stem of B. juncea. 
3.5. Feeding of predatory beetle larvae on aphids (for 3rd, 4th and 5th 
Experiments) 
 The larvae cultures of predatory beetle (Coccinella septempunctata) were 
established in laboratory from specimens collected from University agriculture fields. 
The 4th instar larva of C. septempunctata were placed separately in 9 cm diameter 
petri dishes containing filter paper moistened with distilled water (Figure 3.5) 
following the method of Green et al. (2003). Each petri dish was covered by fine 
nettings secured with rubber band. The larvae were then placed in a controlled 
environment cabinet (set to 25 oC and 16:8 h day–night regime). Each larva was 
reared separately (to prevent cannibalism and to accurately assess the consumption). 
Larvae were divided into requisite number of treatment groups (five groups for 3rd 
and 4th experiments and 9 groups for 5th experiment) and each individual larva was 
provided a known weight of frozen aphids collected from plants of varying soil 
amendment levels. Consumption of aphids by individual larva was measured daily 
using the method described by Winder et al. (1999). The larvae of predatory beetles 
  
  
C D 
B A 
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were fed until they pupated. After pupation, newly emerged adult beetles were 
weighed and frozen at -18 oC until analysis for Cd, Pb and Zn was conducted. 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 3.5.  (A) 4th instar larva of predatory beetle (Coccinella septempunctata) 
feeding on the aphids. (B) Beetle pupa. (C) Newly emerged adult beetle from the 
exuvia. (D) Exuvia of beetle. 
3.6. Experiment 1 
 This experiment was performed in the winter season (October to February) in 
a net house. The aim of this experiment was to find out the amount of sewage sludge 
to which mustard (Brassica juncea) plants show an optimum growth. The 
amendments of soil with sewage sludge (Table 3.1) used in this experiment were 
control (unamended soil), 5%, 10%, 20%, 40%, 70% and 100% (referred as 
treatments T0, T1, T2, T3, T4, T5 and T6, respectively). The plants were sampled at 
30 and 60 days after sowing (DAS) to study various growth parameters of the plant. 
Yield attributes were assessed at harvesting stage (120 DAS) of the plant. All 
biochemical parameters were measured in fresh leaf samples. The concentrations of 
Cd, Pb and Zn in shoots were analysed at all the three (30, 60 and 120 DAS) growth 
stages of the selected plant. The parameters studied are listed below: 
(i) Root and shoot length 
(ii) Plant biomass (fresh and dry) 
(iii) Chlorophyll and carotenoid contents 
  
  D C 
A B 
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(iv) Proline content 
(v) Protein content 
(vi) Cysteine content 
(vii) Sugar content 
(viii) Number of siliquae per plant 
(ix)  Number of seeds per siliqua 
(x) Harvest index 
(xi) Tolerance Index 
(xii) Seed weight per plant 
(xiii) Accumulation of Cd, Pb and Zn in shoot 
3.7. Experiment 2  
 This experiment was laid simultaneously along with Experiment 1 to find out 
the amount of fly ash to which selected mustard plants show optimum growth. The 
amendments of soil with fly ash (Table 3.1) used in this experiment were control 
(unamended soil), 5%, 10%, 20%, 40%, 70% and 100% (referred as treatments T0, 
T1, T2, T3, T4, T5 and T6, respectively). The sampling for assessment of various 
growth parameters and metal accumulation was done as in experiment 1.  
3.8. Experiment 3 
 The aim of this experiment was to investigate the extent of accumulation and 
transfer of Cd, Pb and Zn from soil amended with different amounts of sewage sludge 
in various components of mustard – aphid – beetle food chain. In this experiment, 
only lower levels of soil amendments with sewage sludge (unamended soil, 5%, 10%, 
20% and 40%) were selected for the normal uptake of three selected heavy metals 
(Cd, Pb and Zn) with least effect on plant growth (as screened through Experiment 1). 
Aphid cultures were established on 40 days old mustard plants as described in sub-
heading 3.4. Then aphids collected from each treatment were fed to 4th instar larvae of 
predatory beetles as described in sub-heading 3.5. At the time of collection of aphids 
(after 3 weeks of their infestation), root and shoot samples of plants were also taken 
for analysis. Accumulation of Cd, Pb and Zn was determined in roots and shoots of 
selected mustard plant, aphid bodies and in newly emerged adult beetles. The loss of 
metals via aphid honeydew and sequestration in pupal exuviae of beetles was also 
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estimated. Predation rate of beetle larva (4th instar), fresh and dry mass of aphids and 
beetles was also recorded. The details of analysis of soil, roots, shoots, aphids, 
honeydew, predatory beetles and pupal exuviae for Cd, Pb and Zn are described under 
separate heads (3.14 and 3.15). 
3.9. Experiment 4 
 This experiment was performed in line with experiment 3 to determine the 
extent of accumulation and transfer of Cd, Pb and Zn from fly ash amended soil in 
mustard – aphid – beetle food chain.  
3.10. Experiment 5  
 The aim of this experiment was to examine the potential of fly ash to stabilize 
sewage sludge and to determine the resulting variation in accumulation of Cd, Pb and 
Zn along different components of the selected food chain. For this, two levels of soil 
amendments with sewage sludge (25% and 50% referred as S1 and S2, respectively) 
were re-amended separately with 5%, 10% and 20% of fly ash (Table 3.1). These 
different amendments were designated as S0 (unamended garden soil) as control, S1 
(25% of sludge mixture), S1F1 (5% fly ash in S1), S1F2 (10% fly ash in S1), S1F3 
(20% fly ash in S1), S2 (50% sludge mixture), S2F1 (5% fly ash in S2), S2F2 (10% 
fly ash in S2) and S2F3 (20% fly ash in S2).   
3.11. Growth parameters 
3.11.1. Root, shoot length, fresh and dry mass of plant 
 The mustard plants with intact roots were removed from the pots carefully and 
the adhering soil was removed by gentle washing in the bucket filled with water. The 
root and shoot length (cm) were measured using a meter scale. Each plant was 
weighed individually using electronic balance (AH220A, AHN Germany) to record 
their fresh mass. Dry weight of plants was recorded after drying the sample in oven at 
70 oC for 72 hours. 
3.11.2. Number of leaves per plant  
 The leaves of four randomly choosen mustard plants in each treatment were 
counted manually at 30 and 60 days after sowing for the average number of leaves per 
plant. 
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3.11.3. Fresh and dry mass of aphid and newly emerged adult beetle  
 The fresh mass of aphids was determined for groups of ten aphids and then 
calculated for the individual aphid. Aphids were then dried at 60 oC for 48 h and 
weighed again to calculate their dry weight. The fresh mass of newly emerged adult 
beetle was determined and weighed again after drying at 60 oC for 48 hours. An 
analytical balance (AB-105, China) with 0.01 mg accuracy, was used for the 
determination of biomass of aphids and predatory beetles. 
3.11.4. Leaf area  
 Leaf area was ascertained with the help of millimetre graph sheet. The fully 
expanded third upper leaf was taken from each replicate to trace its outline on the 
graph sheet. The squares falling within outline were counted. The average leaf area of 
the plant was then calculated by multiplying the counted value by total number of 
leaves per plant and expressed as cm2 per plant.  
3.11.5. Tolerance index 
 Tolerance index (TI) was calculated as the mean dry weight (biomass) of a 
plant grown in heavy metal contaminated soil divided by the mean dry weight of the 
control plants (Baker et al. 1994) as 
 TI  =  Biomass of the treated plant (g plant−1 dry weight) 
Biomass of the control plant (g plant−1 dry weight)  
In present study, TI was calculated on the dry weight basis of plant at 60 DAS. 
3.12. Biochemical attributes (Details of reagents preparation appended): 
3.12.1. Determination of photosynthetic pigments 
 The chlorophylls and carotenoids were estimated by following the method of 
Mackinney (1941). 100 mg of fresh leaves were ground in 10 ml of 80% acetone (80 
ml acetone + 20 ml double distilled water) using a mortar and pestle. The suspension 
was decanted and filtered through a Whatman No.1 filter paper. The optical density of 
supernatant was read at 663, 645, 510 and 480 nm using a UV-VIS spectrophotometer 
(T70 UK). For the calculation of chlorophyll pigments, the formulae given by Arnon 
(1949) were used. For the carotenoid contents, the formula given by Duxbury and 
Yentsh 1956) was applied. The contents were expressed in mg g-1 fresh weight tissue. 
Chlorophyll a (mg g-1 fw) = [(12.7 × A663) – (2.69 × A645)] × 
V
W×1000 
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Chlorophyll b (mg g-1 fw) = [(22.9 × A645) – (4.68 × A663)] × 
V
W×1000 
Total carotenoid content (mg g-1 fw) = [(7.6 × A480) – (1.49 × A510)] × 
V
W×1000 
Where,  A is the absorbance at particular wavelength. 
  V is the final volume of chlorophyll extract in 80% acetone. 
  W is the fresh weight of leaf tissue (g). 
3.12.2. Determination of proline 
 The proline content in fresh leaves was determined by following the method 
of Bates et al. (1973). Fresh sample (300 mg) was homogenized in a mortar with 5.0 
ml of 3% sulphosalicylic acid (Appendix 2A). The homogenate was filtered through 
Whatman No. 1 filter paper and then 2.0 ml of the filtrate was mixed with 2.0 ml of 
glacial acetic acid and 2.0 ml of freshly prepared acid ninhydrin reagent (Appendix 
2A). This mixture was heated in boiling water bath for 1 hour and the reaction was 
terminated by transferring the test tubes to ice bath. 4.0 ml of toluene was mixed to 
the reaction mixture with vigorous shaking for 20-30 seconds. The chromophore 
(toluene) layer was aspirated and warmed to room temperature. The absorbance of red 
colour was read at 520 nm against a reagent blank by using UV-VIS 
spectrophotometer (T70 UK). The amount of proline in the sample was calculated by 
using a standard curve prepared from pure proline (range, 0.1-36 µmol) and expressed 
on fresh weight basis of the sample.   
µ moles of proline g-1 tissue =    
µg proline ml−1 × ml toluene
115.5  ×   5 g (sample)  
Where, 115.5 is the molecular weight of proline. 
3.12.3. Estimation of cysteine content 
 The cysteine content in leaves was determined by using the method of 
Gaitonde (1967). Leaf material (400 mg) was homogenized in 5% chilled perchloric 
acid. The suspension was centrifuged at 2800×g for 1.0 hour at 5 oC and the 
supernatant was filtered. 1.0 ml of supernatant of each sample was treated with 1.0 ml 
of acid-ninhydrin solution (Appendix 2B). Mixture was heated for 15 minutes at 95 
oC, then cooled rapidly to room temperature and absorbance was recorded at 560 nm 
using UV-VIS spectrophotometer (T70 UK). Cysteine content was calculated from 
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the standard curve prepared using known concentration of cysteine (L-cysteine 
hydrochloride, sigma) and expressed as nmol g-1 fw. 
3.12.4. Estimation of protein content 
 The protein content in leaves was estimated by following the method of Lowry 
et al. (1951).  Fresh leaf material (300 mg) was macerated in a pre-chilled mortar and 
pestle with 10 ml of 20% trichloroacetic acid (TCA). The homogenate was 
centrifuged for 15 minutes at 600 rpm. The supernatant was then discarded. 5.0 ml of 
0.1N NaOH were added to the pellet, mixed well and again centrifuged for 15 min. 
The supernatant was collected as protein fraction. To 0.5 ml of protein extract, 5.0 ml 
of alkaline copper solution (Appendix 2C) was added and allowed to stand for 10 
minutes in dark. Then 0.5 ml of folin-ciocalteau reagent (Appendix 2C) was added to 
this solution with immediate mixing. The blue colour developed. The solution was 
kept again in dark for 30 minutes for maximum colour development. The absorbance 
of solution was read at 660 nm in a spectrophotometer (T70 UK). The protein 
contents were calculated by comparing the optical density of each sample with 
standard curve plotted by taking known graded dilutions of standard solution of 
bovine serum albumin and expressed in mg g-1 fw. 
3.12.5 Estimation of total sugars 
 The total sugars were estimated by following the method proposed by Dubois 
et al. (1956). 30.0 mg of fresh leaf tissue in test tubes was boiled in water bath with 10 
ml of 80% ethyl alcohol (80 ml ethyl alcohol + 20 ml DDW). The homogenate was 
centrifuged at 1500×g for 20 minutes. The supernatant was made upto 10 ml with 
80% ethyl alcohol. 4.0 ml of cold anthrone reagent (Appendix 2D) was added to 1.0 
ml of ethanolic extract. The mixture was shaken vigorously and boiled for 10 minutes 
in a boiling water bath. After cooling in running tap water, the absorbance was read at 
620 nm in a spectrophotometer (T70 UK). A standard curve was prepared with known 
amounts of glucose. The amount of total sugar was estimated with reference to a 
glucose standard. 
3.13. Yield attributes 
3.13.1. Number of siliquae per plant 
 At harvest (120 DAS), number of siliquae (pods) in 4 plants of each treatment 
were counted for the average number of pods per plant. 
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3.13.2. Number of seeds per siliqua 
 From each treatment, 10 pods were randomly selected and counted to get 
average number of seeds per siliqua.  
3.13.3. Seed yield per plant  
 The seed yield per plant (g) was calculated by multiplying average seed 
weight per siliqua with total siliquae per plant. 
3.13.4. Harvest index 
Harvest index was calculated by using the formula given by Donald and Hamblin 
(1976). 
 HI =   
Economic yield
Biological yield
   
Where, economic yield refers to the seed yield and biological yield refers to the total 
biomass of the plant including dry weight of root, stem and seed. 
3.14. Analysis of soil characteristics and its heavy metal concentrations  
3.14.1. Determination of soil pH 
 The pH of the soil at different treatments was measured in a soil:water 
suspension (1:2.5 w/v). 10 g of soil sample was taken in 100 ml beaker. Then 25 ml of 
distilled water was added to it and stirred well for about 5 minutes and kept for half an 
hour. The solution was stirred again just before immersing the electrodes and pH 
reading was taken with a digital pH meter (181, India). 
3.14.2. Soil organic carbon 
 Soil organic-carbon content was determined by following the method of 
Walkley and Black (1934) as modified and described by Jackson (1958). Triplicate 
soil samples (1.0 g) were taken in a 500 ml conical flask and mixed with 10 ml of 1 N 
potassium dichromate (K2Cr2O7) solution (Appendix 2E). To oxidize total organic 
matter, 20 ml of concentrated H2SO4 was added and the mixture was allowed to stand 
for 20-30 minutes. The contents were then diluted to 200 ml with distilled water. 
Further 10 ml of 85% H3PO4, 0.2 g of NaF and 30 drops of diphenylamine indicator 
(Appendix 2E) were added to each flask. The solution was then titrated against 0.5 N 
ferrous ammonium sulphate (Mohr’s salt) solution (Appendix 2E) and the end point 
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was noted where the turbid blue colour changed to a green. Soil organic carbon was 
calculated as given below: 
 Percentage of organic carbon  =  (B−S) × 0.5 × 0.003
Weight of the soil sample
  × 100 
 
Where,  B = blank reading (ml) 
  S = titration reading (ml) 
  0.5 = Normality of ferrous ammonium sulphate 
  0.003 is milliequivalent weight of carbon in g (1000 ml of 1 N  
  K2Cr2O7 = 3 g of C. Thus, 1 ml of 1 N K2Cr2O7 = 0.003 g of C). 
 
3.14.3. Total nitrogen in soil 
 Total nitrogen in the soil sample was determined by Micro- Kjeldahl method. 
50 g of finely powdered and sieved soil samples were taken into a digestion flask. 2.0 
g of K2SO4, 90 mg of mercuric oxide and 2 ml of concentrated H2SO4 were added to 
it. The solution was mixed thoroughly before digestion. Before carrying out of 
distillation process, 5 ml of distilled water was added to the flask, followed by the 
addition of sodium hydroxide- sodium thiosulphate solution (Appendix 2F). Distillate 
was collected in conical flask containing 10 ml of 4% boric acid (Appendix 2F) and 
mixed indicator (Appendix 2F). The distillate (20 ml) collected was titrated against 
0.02N HCl (Appendix 2F) until the violet colour appeared. Blank was also run using 
equal volume of distilled water instead of distillate. Total nitrogen present in the soil 
sample was calculated by using the formula: 
 
Total nitrogen (%)  =  [HCl in sample (ml)−HCl in blank (ml)] × normality of acid ×14.01
Weight of the soil sample
× 100  
3.14.4. Total heavy metal concentrations  
 Soil samples, collected in triplicate from each pot, were air dried, crushed and 
passed through a 2 mm mesh sieve. Exactly 1.0 g of soil was digested in 20 ml of 
triacid mixture (HNO3/H2SO4/HClO4, 5:1:1; Appendix 2G) at 80 °C (Allen et al. 
1986). After complete digestion, the solution was allowed to cool and filtered through 
Whatman No. 42 filter paper and made up to a final of 50 ml with double distilled 
water (DDW) and analysed for cadmium, lead and zinc concentrations through 
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Atomic Absorption Spectrophotometer (GBC, 932 plus; GBC Scientiﬁc Instruments, 
Braeside, Australia). 
3.14.5. Extractable heavy metal concentrations 
 The extractable (bioavailable) fraction of heavy metals in the soil was 
obtained by mechanical shaking of 15 g of sample with 40 ml of diethylene triamine 
pentaacetic acid (DTPA) extractant (0.005 M DTPA, 0.01 M CaCl2 and 0.1 M TEA  
buffered at pH 7.3; Appendix 2G) for 2 hours (Lindsay and Norvell 1978). The 
mixture was filtered through Whatman No. 42 filter paper prior to heavy metals (Cd, 
Pb and Zn) analysis by Atomic Absorption Spectrophotometer (GBC, 932 plus; GBC 
Scientiﬁc Instruments, Braeside, Australia).  
3.15. Determination of heavy metals in plant and arthropod samples 
 Dried roots and shoots were powdered and sieved. 0.3 g of dried plant samples 
were digested in 10 ml of tri-acid mixture (HNO3:H2SO4:HClO4; 5:1:1; Appendix 2G) 
at 80 °C until black fumes turned white and solution became completely clear (Allen 
et al. 1986). The digest was allowed to cool, diluted with DDW and then filtered 
through Whatman’s No. 42 filter paper. The volume of filtrate was made to 50 ml 
with DDW.  
  Dried samples of one predatory beetle and 20 mg sub-samples of aphids (of 
each treatment) were digested in 2.0 ml of tri-acid mixture at 80 oC. The clear residue 
was then diluted to 5.0 ml using DDW. Pupal exuviae were also digested in a similar 
way, using 2.0 ml acid mixture, then volume was made to 2.0 ml with DDW.  
 Concentrations of cadmium, lead and zinc in samples were determined by an 
Atomic Absorption Spectroscopy (GBC, 932 plus; GBC Scientiﬁc Instruments, 
Braeside, Australia). The readings were taken from the equipment and the results 
were converted to actual concentration of metals in the samples using the equation                         
                    
Metal concentration (mg kg-1 dry weight) =  Calibration reading × Extract volume
Sample weight
 
 Where calibration reading is the value of the reading obtained from the AAS 
equipment using already installed Avanta Software Package, version 2.02. 
Extract volume is the final volume of the digest used for spectrometric analysis.  
Sample weight refers to the weight of the sample used.  
Materials and Methods 
 
60 
 
 Concentrations in the pupa of beetles before emergence were calculated by the 
addition of the metal content of the newly emerged adult to that of the exuvia. The 
percent of metal burden lost through pupal exuvia was calculated as: 
 
Percent of metal burden lost via exuvia =  Metal contents in Individual beetle
Metal contents in individual pupa
 × 100 
 All chemicals used were of analytical grade and supplied by Sigma-Aldrich. 
Analytical quality was ensured by the analysis of certified reference materials i.e., 
GBW 07402 for soil, NIM-GBW10048 (celery plant) for plants and GBW 08552 
(pork muscle) for insects. Mean recoveries from these materials were 96.76, 98.42 
and 94.7 % for Cd, Pb and Zn, respectively. Reagent process blanks were also 
digested and run in triplicate to check for process contamination. The parameters of 
AAS used for Cd, Pb and Zn metals are given in Table 3.2. 
Table 3.2: An AAS (932 plus; GBC Scientiﬁc Instruments, Braeside, Australia) programme 
parameters for estimation of cadmium, lead and zinc.  
 
3.15.1. Heavy metal contents in honeydew 
 It was difficult to collect sufficient quantity of fresh clean honeydew for 
analysis from the feeding aphid colonies. Most became trapped on leaf or stem 
surfaces. To overcome this problem, the method described by Crawford et al. (1995) 
was used. Plant stem and leaves, on which aphids fed, were collected from all pots 
and were divided into two equal groups. Plants from one group were washed with 
distilled water to remove the honeydew and then dried. Other group of plants were 
dried without washing. The amount of heavy metals present in honeydew was 
Specifications Cadmium Lead Zinc 
Lamp current (mAo) 3 5 5 
Wavelength 228.8 217 213.9 
Slit width 0.5 1 0.5 
Optimum working range 
(μg/ml.) 
0.2 – 1.8 2.5 - 20 0.4 – 1.5 
Sensitivity (μg/ml.) 0.009 0.06 0.008 
Integration time (seconds) 3 3 3 
Flame type Air- acetylene (oxidizing) 
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obtained by differences in metal concentrations between washed and unwashed plant 
parts (Crawford et al. 1995). 
3.16. Transfer coefficient (TC) 
 The transfer coefficient of heavy metal was calculated by the following 
formula: 
 
Transfer coefficient = 
Concentration of metal (mg kg−1) in the receiving level
Concentration of metal (mg kg−1) in the source level    
 
3.17. Statistical analysis 
 The experiments were conducted according to simple randomized block 
design. Each experiment was performed three times and each treatment was 
represented by four pots (replicates). Data were statistically analysed using SPSS 
software version 17 for window (SPSS, Chicago, IL, USA) to determine the 
significance at p < 0.05. The significance of differences among treatments was 
determined by Duncan’s multiple range test (DMRT).  
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4. RESULTS 
4.1. EXPERIMENT 1 
 This experiment was conducted to study the effects of varying doses of 
sewage sludge applications on the growth of Brassica juncea cv. Alankar. The 
objectives of this experiment were: 
i) to find out the quantity of sewage sludge to which the selected cultivar of 
B. juncea shows normal growth response.  
ii) to determine the extent of uptake of selected heavy metals (cadmium, lead 
and zinc) from sewage sludge amended soil in the selected cultivar of 
mustard. 
4.1.1. Characteristics and heavy metal concentrations in soil and sewage sludge 
 The sewage sludge used for soil amendment was close to neutral pH (7.13) 
and had high contents of organic carbon and total nitrogen. The garden soil 
(unamended) of the agricultural farm had relatively higher pH, low organic carbon 
and nitrogen contents in comparison to sewage sludge (Table 4.1). The cadmium 
(Cd), lead (Pb) and zinc (Zn) concentrations (total and extractable) in sewage sludge 
were also several times higher than those found in garden soil (Table 4.1).  
Table 4.1: Properties of soil and sewage sludge used in the present experiment (mean ± SE;  
n = 4). 
 
4.1.2. Root and shoot growth 
 Root length of 60 days old mustard plant increased significantly (p < 0.05) on 
10 and 20% sewage sludge application rates in comparison to control. The roots of 
Parameters Garden soil Sewage sludge 
pH 7.82 ± 0.03 7.12±0.04 
Organic C (%) 0.70 ± 0.03 5.75±0.12 
Total N (%) 0.17 ± 0.01 1.18±0.06 
Total Cd (mg kg-1) 0.41±0.08 7.34±0.32 
DTPA extractable Cd (mg kg-1) 0.11±0.04 1.23±0.07 
Total Pb (mg kg-1) 11.43±0.34 36.61±1.80 
DTPA extractable Pb (mg kg-1) 2.15±0.13 5.63±0.23 
Total Zn (mg kg-1) 35.53±2.46 374.18±14.72 
DTPA extractable Zn (mg kg-1) 3.06±0.12 35.48±0.88 
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mustard grown in 100% sewage sludge were highly retarded at both the observed 
growth stages (Figure 4.1A). Application of 10 to 40% levels of sewage sludge 
increased the shoot length of mustard at 60 days growth stage and reduced 
significantly on application of 70 to 100% sewage sludge (Figure 4.1B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on root 
length (A) and shoot length (B) of Brassica juncea cv. Alankar at 30 and 60 days after sowing 
(DAS). (Mean ± SE; n = 4). Different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT. 
4.1.3. Leaf number and leaf area 
 The leaf number of mustard was not affected statistically (p > 0.05) in 
response to all selected levels of sewage sludge treatments at early growth stage. The 
number of leaves increased significantly (p < 0.05) in 60 days old plants treated with 
A 
B 
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10 and 20% sewage sludge rates (Figure 4.2). The mustard plants grown in 100% 
sewage sludge had least number of leaves per plant at both 30 and 60 days old growth 
stages (Figure 4.2). 
 The leaf area increased significantly (p < 0.05) in mustard plants when grown 
in soil amended with 10-40% levels of sewage sludge as compared to control (T0) at 
both the observed growth stages. But, leaf area decreased significantly (p < 0.05) 
when plants were grown in 100% (T6) sewage sludge. The highest increase in leaf 
area in 30 and 60 days old mustard was recorded when plants were grown in soil 
amended with 40% (T4) and 20% (T3) levels of sewage sludge, respectively (Figure 
4.2). 
 
 
 
 
 
 
 
Figure 4.2: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on leaf 
number and leaf area (cm2) of Brassica juncea cv. Alankar at 30 and 60 days after sowing 
(DAS). (Mean ± SE; n = 4). Different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT. 
4.1.4 Plant fresh and dry mass  
 The fresh mass of 30 days old mustard plants increased significantly (p < 0.05) 
on treatment with 20% (T3) sewage sludge as compared to control (Figure 4.3A). At 
60 days of growth stage, the fresh weight of plants increased significantly (p < 0.05) 
on application of 10 – 40% of sewage sludge (Figure 4.3A). 
 The dry mass of 30 days old mustard plants increased significantly (p < 0.05) 
on application of 20% (T3) sewage sludge as compared to control (Figure 4.3B). At 
60 days growth stage, the applications of 10 – 40% levels of sewage sludge enhanced 
the plant dry mass significantly (p < 0.05) as compared to control (Figure 4.3B). In 
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comparison to control, the dry mass of 30 days old mustard plant reduced 
significantly (p < 0.05) on application of 100% sewage sludge and in 60 days old 
plants on application of 70 and 100% sewage sludge (Figure 4.3B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 4.3: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on 
biomass (g) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). Fresh 
weight (A) and dry weight (B). (Mean ± SE; n = 4). Different small letters at each growth 
stage show statistically significant variation at p < 0.05 as per DMRT. 
4.1.5. Chlorophyll and carotenoid contents in leaves 
 The data on chlorophyll-a and chlorophyll-b contents in the fresh leaf tissue of 
mustard are summarised in Figure 4.4A. The chlorophyll-a content increased 
significantly (p < 0.05) in selected mustard plants on application of 20% (T3) sewage 
sludge at 30 DAS, and at 60 DAS on application of 10-40% sewage sludge. 
Chlorophyll-a content reduced significantly (p < 0.05) in mustard plants grown in 
A 
B 
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100% sewage sludge at both 30 and 60 DAS (Figure 4.4A). The chlorophyll-b content 
in leaves of selected mustard plant increased significantly on applications of 10-40% 
sewage sludge (p < 0.05) at 30 and 60 days old growth stages of plant, while as it 
reduced significantly in leaves of mustard plants grown in 100% sewage sludge 
(Figure 4A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on 
photosynthetic pigments (mg g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after 
sowing (DAS). Chlorophyll-a, Chlorophyll-b contents (A) and carotenoid content (B). (Mean 
± SE; n = 4). Bars with different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT.  
 The carotenoid contents in leaves of 30 and 60 days old mustard plants 
increased significantly (p < 0.05) on application of 10 to 40% levels of sewage sludge 
in soil (Figure 4B). The carotenoid content in leaves of mustard plants treated with 
100% sewage sludge reduced significantly (p < 0.05) as compared to control (Figure 
4B).  
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4.1.6. Proline content in leaves 
 The data presented in Figure 4.5 show the variation in proline content in 
leaves of mustard grown in soil amended with varying application rates of sewage 
sludge. The 5% (T1) level of sewage sludge application did not cause any statistically 
significant change in the proline content in 30 and 60 days old plants as compared to 
control (p > 0.05). But, the sludge application rates from 10-70% (T2- T5) increased 
the proline content significantly (p < 0.05) in leaves of mustard plants as compared to 
control (Figure 4.5). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on proline 
content (μmol g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS).  
(Mean ± SE; n = 4). Bars with different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT.  
4.1.7. Cysteine content in leaves 
 The cysteine content in leaves of 30 and 60 days old mustard increased 
significantly (p < 0.05) on application of 10-70% (T2-T5) sewage sludge levels as 
compared to controls. The maximum increase in cysteine content was found on 40% 
(T4) sludge application rate at both 30 and 60 DAS (Figure 4.6). 
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Figure 4.6: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on 
cysteine content (nmol g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing 
(DAS).  (Mean ± SE; n = 4). Bars with different small letters at each growth stage show 
statistically significant variation at p < 0.05 as per DMRT.  
4.1.8. Protein content leaves 
 The protein contents in leaves were determined and statistically analysed. The 
findings have been summarised in Figure 4.7. The protein content in leaves of 30 days 
old mustard plants increased significantly (p < 0.05) as compared to control when 
treated with 10-40% sewage sludge application rates (Figure 4.7). The protein content   
 
 
 
 
 
 
 
Figure 4.7: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on protein 
content (mg g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). 
(Mean ± SE; n = 4). Bars with different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT.  
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in 60 days old mustard plant was recorded on application of 20 and 40% sewage 
sludge application rates (Figure 4.7). The highest content of proteins was recorded on 
amendment of soil with 40% (T4) sewage sludge at both the observed growth stages. 
The protein content in leaves of 60 days old mustard plants significantly (p < 0.05) 
decreased when plants were grown in 100% sewage sludge (Figure 4.7). 
4.1.9. Sugar content in leaves 
 The analysis of data revealed that sugar content in leaves of 30 days old 
mustard plants increased significantly (p < 0.05) on 20% level of sewage sludge. 
Application of 10-40% levels of sewage sludge increased the sugar content in leaves 
of 60 days old mustard plants (p < 0.05). The mustard plants grown in 100% (T6) 
sewage sludge registered the lowest sugar content (p < 0.05) in leaves at both the 
sampling periods (Figure 4.8). 
 
 
 
 
 
 
 
Figure 4.8: Effects of varying levels of soil amendments with sewage sludge (T0: unamended 
soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge) on sugar 
content (mg g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS).   
(Mean ± SE; n = 4). Bars with different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT.  
4.1.10. Yield attributes 
 Application of 5 to 70% (T1 to T5) sewage sludge application rates did not 
have any significant impact on the number of seeds per siliqua, but 100% sewage 
sludge reduced the seed number per siliqua significantly (p < 0.05) as compared to 
control. Mustard plants treated with 20% (T3) sewage sludge had significantly (p < 
0.05) highest number of siliquae per plant as compared to control (Table 4.2). Seed 
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weight per plant increased significantly (p < 0.05) in mustard plants grown in 10% - 
40% (T2-T4) sludge amended soils (Table 4.2). The yield attributes (siliquae per 
plant, seed weight per plant) significantly (p < 0.05) reduced in mustard plants when 
grown in 70% -100% (T5-T6) levels of sewage sludge (Table 4.2). 
4.1.10.1. Harvest index 
 Harvest index (HI) of mustard increased significantly (p < 0.05) on 
applications of 20 (T3) and 40% (T4) sewage sludge rates as compared to control 
(Table 4.2). Higher levels of sewage sludge (70% and 100%) reduced HI significantly 
(p < 0.05).  
Table 4.2: Effects of varying levels of soil amendments with sewage sludge on various yield 
attributes of Brassica juncea var. Alankar. (Mean ± SE; n = 4). Different superscripts in each 
parameter show statistically significant variation at p < 0.05 as per DMRT. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% sewage sludge. 
4.1.11. Tolerance index 
 The tolerance index (TI) above 1.0 signifies resistance and below 1.0 
susceptibility. The tolerance index on 70% (T5) and 100% (T6) application rates of 
sewage sludge were less than 1.0, indicating that the selected cultivar of mustard was 
susceptible to higher amounts of sewage sludge applications (Figure 4.9). The 
tolerance of plants was higher (TI > 1) on addition of 5- 40% sewage sludge in the 
soil (Figure 4.9).  
 
 
 
Amendments Seeds siliqua-1 Siliquae plant-1 
Seed weight 
(g plant-1) Harvest Index 
T0 12±0.41ab 77±2.35b 5.55±0.15c 0.39±0.01b 
T1 12.25±0.75ab 78±2.48b 5.95±0.16cd 0.41±0.01ab 
T2 12.5±0.50a 80.5±2.47ab 6.60±0.30b 0.42±0.02ab 
T3 13±0.41a 87±2.86a 7.87±0.33a 0.45±0.01a 
T4 12±1.08ab 81±2.38ab 6.40±0.21b 0.44±0.01a 
T5 10.25±0.75bc 65±2.86c 4.62±0.19d 0.39±0.01b 
T6 8.5±0.29c 51±3.16d 2.85±0.09e 0.35±0.02c 
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Figure 4.9: Tolerance index of Brassica juncea var. Alankar grown in soil amended with 
varying levels of sewage sludge (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; 
T5: 70% and T6: 100% sewage sludge).  
4.1.12. Heavy metal uptake in mustard shoot 
 The heavy metals accumulation in shoots of mustard treated with varying 
levels of sewage sludge was determined at 30, 60 and 120 days after sowing. Uptake 
of Cd in mustard shoots increased with levels of sewage sludge applied in soil and 
plateaued between 40% (T4) and 100% (T6) sewage sludge ratios at 60 and 120 DAS 
(Figure 4.10A). The concentrations of Pb in shoots at all the observed growth stages 
of mustard plants increased almost linearly with the increase in sewage sludge 
application rates (Figure 4.10B). The concentration of Zn in mustard shoots followed 
a sigmoid pattern with increasing levels of sewage sludge in soil (Figure 4.10C).   
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Figure 4.10: Heavy metal uptake (mg kg-1 dry weight; mean ± SE; n = 4) in shoots of 
Brassica juncea var. Alankar (at various growth stages) grown in soil amended with varying 
rates of sewage sludge (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% 
and T6: 100% sewage sludge). (A) Cadmium (B) Lead (C) Zinc. Different small letters show 
statistically significant variation at each growth stage (at p < 0.05 as per DMRT). 
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4.2. EXPERIMENT 2 
 This experiment was conducted to study the effects of varying levels of fly ash 
applications on growth of the selected cultivar of mustard. The objectives of this 
experiment were: 
i) to find out the quantity of fly ash to which the selected cultivar of Brassica 
juncea shows normal growth response.  
ii) to determine the extent of uptake of  selected heavy metals (cadmium, lead 
and zinc) from fly ash amended soil in the selected cultivar of mustard.  
4.2.1. Characteristics and heavy metal concentrations in soil and fly ash 
 Some selected properties of the garden soil and fly ash used in the present 
experiment were determined (Table 4.3). The fly ash was alkaline in nature (pH = 
8.85) with relatively lesser contents of nitrogen and organic carbon than in garden 
soil. The total concentrations of cadmium (Cd), lead (Pb) and (Zn) in fly ash were 
higher than in garden soil. The extractable concentrations of Cd and Zn in fly ash 
were more than twice of the concentrations in garden soil (Table 4.3).  
Table 4.3: Properties of soil and fly ash used in the present experiment (mean ± SE, n=4). 
4.2.2. Root and shoot growth 
 Fly ash applications from 5-70% (T1-T5) did not have any statistically 
significant impact on the root length of mustard at both 30 and 60 days after sowing 
(p > 0.05). But, 100% (T6) fly ash reduced the root length significantly (p < 0.05) as 
compared to control at both the growth stages (Figure 4.11A). 
Parameters Soil Fly ash 
pH 7.80±0.04 8.85±0.04 
Org C (%) 0.7±0.01 0.43±0.02 
Total N (%) 0.17±0.004 0.02±0.004 
Total Cd (mg kg-1) 0.43±0.03 1.42±0.07 
DTPA extractable Cd (mg kg-1) 0.12±0.03 0.28±0.01 
Total Pb (mg kg-1) 11.46±0.33 15.54±0.42 
DTPA extractable Pb (mg kg-1) 2.11±0.09 2.70±0.18 
Total Zn (mg kg-1) 38.25±2.62 86.73±3.19 
DTPA extractable Zn (mg kg-1) 3.13±0.17 6.90±0.30 
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 In contrary, the shoot length of 30 days old mustard plants grown in soil 
amended with 10- 40% (T2-T4) levels of fly ash increased significantly (p < 0.05). 
The shoot length of 30 and 60 days old mustard plant reduced significantly (p < 0.05) 
as compared to their controls, when grown in 70% (T5) and 100% (T6) fly ash 
(Figure 4.11B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on root length (A) and 
shoot length (B) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). (Mean 
± SE; n = 4). Different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT. 
 
4.2.3. Leaf number and leaf area 
 The data presented in Figure 4.12 clearly show that soil amendments with 5 to 
70% (T1-T5) fly ash rates did not affect the number of leaves per plant at 30 DAS (p 
> 0.05). But, at older stage (60 DAS), number of leaves in mustard plants increased 
significantly (p < 0.05), when grown in soil amended with 20% (T3) level of fly ash 
as compared to control. The cultivation of mustard in 100% fly ash reduced the leaf 
development (number of leaves per plant) significantly (p < 0.05). 
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 The total leaf area of 30 days old mustard plants increased significantly on 
application of 20% (T3) fly ash ratio in the soil. At 60 days old growth stage, 
significant increase in leaf area was found in plants grown in 10 and 20% fly ash 
amended soil as compared to control. The leaf area in 30 and 60 days old mustard 
plants grown in 70% and 100% fly ash reduced significantly (p < 0.05) than the 
control plants (Figure 4.12).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on leaf number and 
leaf area (cm2) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). (Mean 
± SE; n = 4). Different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT. 
 
4.2.4. Plant fresh and dry mass 
 Application of 5-40% (T1-T4) fly ash levels did not have any apparent impact 
on the fresh mass of 30 days old mustard plants, but higher fly ash ratios (≥ 70%) 
reduced the fresh mass significantly (p < 0.05) as compared to control (Figure 4.13A). 
At 60 days of growth stage, the fresh mass of mustard enhanced significantly (p < 
0.05) on 20% (T3) and 40% (T4) application rates of fly ash in soil (Figure 4.13A). 
But, higher fly ash levels (≥ 70%), reduced the fresh mass of 60 days old plant 
significantly (p < 0.05) as compared to control (Figure 4.13A). 
 The dry mass of 30 and 60 days old mustard enhanced significantly on 
applications of 30-40% fly ash in the soil (Figure 4.13B). The maximum value of 
mustard dry weight in 30 and 60 days old mustard plants was recorded on applications 
ab ab ab a a bc 
c 
b 
ab 
ab 
a 
b 
c 
d 
b b b a b 
c d 
b 
b 
a 
a 
b 
c 
d 
0
100
200
300
400
500
600
700
800
900
0
5
10
15
20
25
T0  T1  T2  T3  T4  T5  T6
Le
af
 a
re
a 
(c
m
2 )
 p
la
nt
-1
 
Le
af
 n
um
be
r 
pl
an
t-1
 
Fly ash application 
Leaf number 30DAS Leaf number 60 DAS
Leaf area 30 DAS Leaf area 60 DAS
Experimental Results 
 
77 
 
T0 T1 T2 T3 T4 T5 T6
2
4
6
8
10
12
14
16
18
Pl
an
t f
re
sh
 w
ei
gh
t (
g 
pl
an
t-1
)
Fly ash application
 30 DAS
 60 DAS
a
aaa a
b
c
a
a
b
b
c
b
d
T0 T1 T2 T3 T4 T5 T6
0.5
1.5
2.0
2.5
3.0
3.5
4.0
Pl
an
t d
ry
 w
ei
gh
t (
g 
pl
an
t-1
)
 30 DAS
 60 DAS
aa
bbb
c
d
a
ab
bc
c
c
d
e
Fly ash application
of 20-40% fly ash levels in soil (p < 0.05). The dry mass of mustard plants grown in 
70-100% fly ash ratios reduced at both the observed growth stages (Figure 4.13B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on biomass (g) of 
Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). Fresh weight (A) and dry 
weight (B). (Mean ± SE; n = 4). Different small letters at each growth stage show statistically 
significant variation at p < 0.05 as per DMRT. 
 
4.2.5. Chlorophyll and carotenoid contents in leaves 
 The data on chlorophyll-a and chlorophyll-b contents in the fresh leaf tissue of 
mustard are summarised in Figure 4.14A. Lower application rates of fly ash (5-40%) 
did not cause any statistically significant variation in chlorophyll- a content in leaves 
of 30 days old mustard, but at 60 DAS, 40% (T4) level of fly ash application 
increased the chlorophyll- a content significantly (p < 0.05) as compared to control. 
The higher levels of fly ash (≥ 70%) application reduced the chlorophyll-a content 
significantly (p < 0.05) in leaves of 30 and 60 days old plants as compared to control 
(Figure 4.14A). Chlorophyll- b content in leaves of 30 and 60 days old mustard plants 
B 
A 
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augmented significantly (p < 0.05) on application of 20% (T3) and 40% (T4) rates of 
fly ash as compared to control (Figure 4.14A). 
 The carotenoid contents in leaves of 30 days old mustard plants increased 
significantly (p < 0.05) on 20% (T3) and 40% (T4) levels of soil amendments with fly 
ash (Figure 4.14B). At 60 DAS, carotenoid content in mustard leaves enhanced 
significantly on applications of 10% and 20% fly ash levels. Higher application rates 
of fly ash (≥ 70%) reduced the carotenoid content significantly (p < 0.05) in leaves of 
mustard plants (Figure 4.14B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
  
Figure 4.14: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on photosynthetic 
pigments (mg g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). 
Chlorophyll-a, Chlorophyll-b contents (A) and carotenoid content (B). (Mean ± SE; n = 4). 
Bars with different small letters at each growth stage show statistically significant variation at 
p < 0.05 as per DMRT.  
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4.2.6. Proline content in leaves 
 The data presented in Figure 4.15 show the proline content of leaves in 30 and 
60 days old mustard plants. The lower levels of soil amendments with fly ash (5%, 
10%) did not alter proline content statistically (p > 0.05) in 30 and 60 days old 
mustard plants. But, soil amendments from 20-70% increased the proline content 
significantly (p < 0.05) at 30 and 60 days after sowing as compared to their controls. 
Proline contents in mustard leaves were least when the plants were grown in 100% 
(T6) fly ash (Figure 4.15).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on proline content 
(μmol g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS).  (Mean ± 
SE; n = 4). Bars with different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT.  
4.2.7. Cysteine content in leaves 
 The cysteine content in leaves of 30 and 60 days old mustard plants increased 
significantly (p < 0.05) on applications of 10-100% and 20-100% fly ash rates, 
respectively as compared to their controls (p < 0.05). The highest increase in cysteine 
content in mustard leaves was found on application of 40% (T4) fly ash ratio at both 
30 and 60 DAS (Figure 4.16). 
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Figure 4.16: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on cysteine content 
(nmol g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS).  (Mean ± 
SE; n = 4). Bars with different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT.  
4.2.8. Protein content in leaves 
 The protein contents determined in leaves are summarised in Figure 4.17. The 
fly ash applications (10-40%) increased the protein content in leaves of the mustard at 
early growth stage (30 DAS) and 20- 40% at 60 DAS (p < 0.05). Higher levels of fly 
 
 
 
 
 
 
 
Figure 4.17: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on protein content (mg 
g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS). (Mean ± SE;    
n = 4). Bars with different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT.  
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ash (≥ 70%) reduced the protein content in leaves significantly (p < 0.05) at both the 
observed growth stages of mustard plant in comparison to their controls (Figure 4.17). 
4.2.9. Sugar content in leaves 
 The sugar content in leaves of mustard did not show any statistical variation at 
both the growth stages when plants were grown in the lower levels of soil 
amendments with fly ash (5% and 10%). But, sugar content increased significantly (p 
< 0.05) in leaves of mustard when grown in soil amended with 20 and 40% fly ash 
levels at both the observed growth stages (Figure 4.18). The 100% fly ash reduced the 
sugar content in leaves of the mustard plants significantly (p < 0.05) at 30 days after 
sowing as compared to control. But, at older growth stage (60 DAS), the sugar 
content in leaves of mustard reduced significantly (p < 0.05) on ≥ 70% fly ash levels 
(Figure 4.18).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: Effects of varying levels of soil amendments with fly ash (T0: unamended soil; 
T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash) on sugar content (mg 
g-1 fw) of Brassica juncea cv. Alankar at 30 and 60 days after sowing (DAS).   (Mean ± SE;  
n = 4). Bars with different small letters at each growth stage show statistically significant 
variation at p < 0.05 as per DMRT.  
 
4.2.10. Yield attributes 
 The soil amendments with fly ash upto 40% (T4) did not have any apparent 
impact on seed setting in terms of number of seeds per siliqua and fruit setting in 
terms of number of siliquae per plant as compared to control (Table 4.4). But, higher 
rates of fly ash (≥ 70%) application caused significant (p < 0.05) reductions in both 
these yield attributes as compared to control (Table 4.4). Seed weight per plant 
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increased significantly (p < 0.05) in mustard plants grown in proportion to fly ash 
rates applied in soil (10% and 20%). Seed weight at higher levels of fly ash 
applications (≥ 70%) declined significantly (p < 0.05) as compared to control (Table 
4.4). 
4.2.10.1. Harvest index 
 Harvest index (HI) of mustard plants increased on 20% (T3) and 40% (T4) 
ratios of fly ash applications in soil, but these variations were statistically non-
significant (p > 0.05) as compared to control (Table 4.4). Higher application rates of 
fly ash (≥ 70%) reduced the HI of mustard plants significantly (p < 0.05) as compared 
to control (Table 4.4). 
Table 4.4: Effects of varying levels of soil amendments with fly ash on various yield 
attributes characters of Brassica juncea var. Alankar. (Mean ± SE; n = 4). Different 
superscripts in each parameter show statistically significant variation at p < 0.05 as per 
DMRT. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 100% fly ash. 
 
4.2.11. Tolerance index 
 The tolerance index (TI) of the selected cultivar of mustard was less than 1.0 
on application of 70% and 100% fly ash rates, indicating susceptibility of the plants to 
higher amounts of fly ash applications (Figure 4.19). The tolerance of plants was 
higher (TI > 1) on addition of 10- 40% f fly ash rates in the soil (Figure 4.19).  
 
Amendments Seeds siliqua-1 Siliquae plant-1 Seed yield (g plant-1) Harvest Index (g g-1) 
T0 11.50±0.29a 70±3.08ab 5.15±0.13bc 0.42±0.02a 
T1 11.25±0.41a 72±2.94ab 5.05±0.25c 0.41±0.02a 
T2 12±0.71a 70±2.92ab 5.93±0.21a 0.44±0.02a 
T3 12±0.71a 76±3.14a 6.18±0.20a 0.45±0.01a 
T4 11.50±1.26a 65±2.27b 5.64±0.14ab 0.40±0.02a 
T5 8.50±0.29b 51.75±2.95c 3.31±0.20d 0.34±0.02b 
T6 5±0.41c 37±2.48d 1.86±0.13e 0.29±0.01b 
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Figure 4.19: Tolerance index of Brassica juncea var. Alankar grown in soil amended with 
varying levels of fly ash (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% 
and T6: 100% fly ash).   
4.2.12. Heavy metal uptake in mustard shoot 
 The uptake of heavy metals (Cd, Pb and Zn) in shoots of selected mustard 
plant was determined at 30, 60 and 120 days after sowing and summarised in Figure 
4.20A - 4.20C. Cadmium concentration in shoots of 30 days old mustard plants did 
not show any variation on lower levels of fly ash (5-20%) application as compared to 
control, but increased significantly (p < 0.05) on higher application rates (≥ 40%) of 
fly ash (Figure 4.20A). The Cd concentration increased almost linearly with the 
increase in fly ash levels at 60 and 120 days after sowing (Figure 4.20A). The uptake 
of Pb by mustard shoots also followed similar trend as shown by Cd and increased 
linearly on higher applications of fly ash at 60 and 120 days after sowing (Figure 
4.20B). The accumulation of Zn in mustard shoots increased consistently with the 
increase in fly ash application rates in the soil and age of the plant (Figure 4.20C). 
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Figure 4.20: Heavy metal uptake (mg kg-1 dry weight; mean ± SE; n = 4) in shoots of 
Brassica juncea var. Alankar (at various growth stages) grown in soil amended with varying 
rates of fly ash (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40%; T5: 70% and T6: 
100% fly ash) (A) Cadmium (B) Lead (C) Zinc. Different small letters show statistically 
significant variation at each growth stage (at p < 0.05 as per DMRT). 
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4.3. EXPERIMENT 3 
 The objectives of the present experiment were: 
i) to determine the extent to which cadmium, lead and zinc are 
transferred from the sewage sludge amended soil in plant- aphid- 
beetle food chain. 
ii) to examine the pathways through which metals transferred to 
arthropods (aphids and predatory beetles) are lost or eliminated. 
4.3.1. Characteristics and heavy metal contents in sewage sludge amended soil 
 The selected properties of sewage sludge used for the soil amendments in 
present experiment are given in Table 4.1. Application of sewage sludge decreased 
the pH of resultant soil mixture in proportion to the amount of sewage sludge added 
(Table 4.5). The organic carbon and nitrogen contents also increased with the increase 
in ratio of sewage sludge in the soil. The variation in organic carbon was statistically 
significant (p < 0.05) at all sewage sludge application rates (Table 4.5).  
Table 4.5: Selected properties and heavy metal concentrations (total and DTPA extractable) in 
unamended soil and soil after amendments with sewage sludge (mean ± SE, n = 4). Values 
with different superscript small letters in each group are significantly different from each other 
at p < 0.05.  
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
 
 
Parameters T0 T1 T2 T3 T4 
pH 7.82 ± 0.04a 7.75 ± 0.03ab 7.67 ± 0.05bc 7.58 ± 0.04c 7.44 ± 0.03d 
Organic C (%) 0.67 ± 0.04a 0.85 ± 0.05b 1.19 ± 0.03c 1.48 ± 0.08d 2.20 ± 0.06e 
Total N (%) 0.16 ± 0.02a 0.18 ± 0.02a 0.21± 0.02ab 0.26 ± 0.02b 0.44 ± 0.03c 
Total heavy metals (mg kg-1) 
Cd 0.45±0.05a 0.62±0.07a 1.05±0.07b 1.69±0.11c 2.87 ± 0.11d 
Pb 11.17±0.47a 11.97±1.11a 13.30±1.16ab 15.24±1.04b 19.90 ± 1.05c 
Zn 36.46±2.17a 49.97±2.05a 65.8±3.53b 98.02±6.20c 166.58 ± 7.11d 
DTPA extractable heavy metals (mg kg-1) 
Cd 0.14 ±0.01a 0.18±0.02a 0.29±0.02b 0.44±0.04c 0.62 ± 0.04d 
Pb 2.24 ±0.19a 2.45 ±0.22ab 2.69 ±0.17ab 2.92 ±0.20bc 3.45 ± 0.18c 
Zn 3.13 ±0.22a 4.57±0.21b 7.62 ±0.18c 11.18 ±0.19d 18.25 ± 0.55e 
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 The total and DTPA extractable concentrations of all three selected heavy 
metals increased with the level of sewage sludge in the soil (Table 4.5). Among the 
three metals, concentration of Zn was highest followed by Pb and Cd at all sewage 
sludge application rates (Table 4.5).  
4.3.2. Accumulation of cadmium in food chain 
 The cadmium concentration in mustard roots increased significantly (p < 
0.05) when plants were grown in sludge amended soil as compared to those grown in 
unamended soil (Figure 4.21). The accumulation of Cd in roots increased in 
proportion to the level of sewage sludge application. The highest Cd accumulation of 
9.55 mg kg-1 dry roots (Figure 4.21) was recorded on 40% (T4) sludge application in 
the soil. Transfer coefficients between the total and extractable (DTPA) Cd 
concentration in the soil and the roots increased on sludge application as compared to 
control (Table 4.6). The transfer coefficients of Cd from total in soil to root varied 
between 2.84 and 4.22 in varying levels of sewage sludge additions. Whereas, the 
uptake of Cd in roots of mustard from extractable fraction was higher and varied 
between 9.14 and 16.23 (Table 4.6). The concentration of Cd in shoots  
 
 
 
  
 
 
 
 
   
 
Figure 4.21: Cadmium concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, 
shoots, aphids and adult beetles on amendment of soil with varying levels of sewage sludge 
(T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge). Bars with 
different small letters in each group are significantly different from each other at p < 0.05.  
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increased significantly (P < 0.05) on application of 10 to 40% sewage sludge ratios as 
compared to control and reached 7.12 mg kg-1 dry shoot at highest application rate 
(40%) of sewage sludge (Figure 4.21). Transfer coefficients of Cd between the root 
and shoot also increased with sewage sludge application rate, but the transfer 
coefficient values were below one (Table 4.6). 
 
Table 4.6: Transfer coefficients of cadmium concentrations between various components of 
the soil – plant – aphid – beetle food chain on amendment of soil with various levels of 
sewage sludge. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
 The cadmium concentration in aphids (transferred from their respective diets 
on plants grown on 5 to 40% sludge treated soils) increased significantly (P < 0.05) 
with sludge application rate (Figure 4.21). Cadmium concentrations in aphid bodies 
were 1.6 and 1.7 times higher than shoots of mustard grown in control (T0) and 5% 
(T1) respectively. But, in 10% (T2), 20% (T3) and 40% (T4) treatment levels, transfer 
coefficients between the shoots and aphids were less than one (Table 4.6).  
 The newly emerged adults of seven spotted beetles (Coccinella 
septempunctata) accumulated significantly (P < 0.05) high amounts of Cd in their 
bodies when fed on aphids collected from plants grown in soil amended with 10 to 
40% sewage sludge ratios (Figure 4.21). Transfer coefficients between aphids and 
beetles were always below one and showed little variation among treatments (Table 
4.6).  
4.3.2.1. Correlations between cadmium concentrations in components of food 
chain 
 The correlation coefficients and equations of linear regression were 
determined between independent and dependent variables (on x and y axis, 
Food chain components T0 T1 T2 T3 T4 
Total soil to root 2.84 3.08 3.21 4.22 3.33 
Extractable soil to root 9.14 10.61 11.62 16.23 15.40 
Root to shoot 0.68 0.65 0.72 0.75 0.79 
Shoot to aphid 1.63 1.73 0.93 0.79 0.72 
Aphid to adult beetle 0.53 0.49 0.55 0.51 0.54 
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respectively) viz., extractable Cd content in soil vs Cd content in roots (Figure 
4.22A), Cd content in roots vs Cd content in shoots (Figure 4.22B), Cd content in 
shoots vs Cd content in aphids (Figure 4.22C), and Cd content in aphids vs Cd content 
in beetles (Figure 4.22D). The extractable Cd content had strong positive relationship 
with the uptake of Cd in root (R2= 0.98).  The regression line in Figure 4.22A clearly 
shows that the amounts of Cd in roots increased with the increase in amounts of 
extractable Cd in soil. Strong and significant correlations existed between Cd content 
in dry roots and amounts of it transferred to dry shoots (R2= 0.99; Figure 4.22B), Cd 
content in shoot and its accumulation in aphids (R2= 0.97; Figure 4.22C) and between 
Cd contents in aphid bodies and Cd accumulation in newly emerged adult beetles 
(R2= 0.99; Figure 4.22D). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Cd in soil (independent) vs Cd 
content in root (dependent); (B) Cd content in root (independent) vs Cd content in shoot 
(dependent); (C) Cd content in shoot (independent) vs Cd content in aphids (dependent) and 
(D) Cd content in aphids (independent) vs Cd content in predatory beetles (dependent). 
**Correlation is significant at the 0.01 level and *correlation at 0.05 level (2-tailed). 
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4.3.3. Accumulation of lead in food chain 
 Concentration of lead in roots increased significantly (P < 0.05) with the 
amounts of sludge addition in soil (10 to 40%) as compared to control (T0). The 
highest Pb concentration was 43.62 mg kg-1 (dry roots) on application of 40% sewage 
sludge (Figure 4.23). The transfer coefficients between the total Pb concentration in 
the soil and roots increased with rate of sewage sludge application in soil and ranged 
between 1.56 and 2.24 (Control and 20%, respectively). The transfer coefficients 
between extractable Pb in soil and mustard roots ranged between 7.75 and 12.64 
(Table 4.7). In comparison to control, the Pb concentration in shoots increased 
significantly (P < 0.05) on addition of 10 to 40% (T2 to T4) sludge in soil. The Pb 
concentration (23.26 mg kg-1 dry shoots) was highest in shoots of mustard treated 
with 40% sewage sludge (Figure 4.23). In marked contrast to Cd, the transfer 
coefficients of Pb from root to shoot decreased as rate of sewage sludge application in 
soil increased (Table 4.7). 
  
  
 
 
 
 
 
 
 
Figure 4.23: Lead concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids and adult beetles after on amendment of soil with varying levels of sewage sludge 
(T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge). Bars with 
different small letters in each group are significantly different from each other at p < 0.05.  
 The concentrations of Pb in aphid bodies also increased with the increase in 
sewage sludge ratios in soil. The aphids fed on mustard plants grown in 10% to 40% 
sewage sludge amended soil had significantly (P < 0.05) higher amounts of Pb in 
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their bodies as compared to the aphids fed on control plants (Figure 4.23). Transfer 
coefficients of Pb between mustard shoot and aphids were less than one (Table 4.7). 
 The Pb contents in newly emerged adult beetles reflected the concentration of 
Pb in aphids and increased with increase in the ratios of sewage sludge applications in 
soil (Figure 4.23). The transfer coefficient of Pb between aphid and predatory beetles 
increased on 5 to 20% (T1 to T3) sewage sludge application rates in soil. The Pb 
transfer coefficients between aphids and beetles ranged from 0.56 to 0.79 (Table 4.7).  
Table 4.7: Transfer coefficients of lead concentrations between various components of the 
soil – plant – aphid – beetle food chain on amendment of soil with various levels of sewage 
sludge. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
4.3.3.1. Correlations between lead concentrations in components of food chain 
 The correlation coefficients and equations of linear regression were also 
determined between some independent and dependent variables (on x and y axis, 
respectively) viz., extractable Pb content in soil vs Pb content in roots (Figure 4.24A), 
Pb content in roots vs Pb content in shoots (Figure 4.24B), Pb content in shoots vs Pb 
content in aphids (Figure 4.24C) and Pb content in aphids vs Pb content in beetles 
(Figure 4.24D). The relationship between extractable Pb and its uptake in roots was 
strongly correlated (R2= 0.97). The uptake of Pb in roots of mustard increased with 
the amounts of extractable Pb in soil (Figure 4.24A). Significant correlation existed 
between Pb content in dry roots and its uptake in dry shoots (R2= 0.97; Figure 4.24 
B), Pb content in dry shoots and its subsequent accumulation in aphid bodies (R2= 
0.95; Figure 4.24C) and between Pb contents in aphids and Pb accumulation in newly 
emerged adult beetles (R2= 0.93; Figure 4.24D). 
Food chain components T0 T1 T2 T3 T4 
Total soil to root  1.56 1.57 1.93 2.24 2.19 
Extractable soil to root 7.75 7.69 9.55 11.68 12.64 
Root to shoot 0.65 0.61 0.65 0.56 0.53 
Shoot to aphid 0.87 0.93 0.79 0.75 0.66 
Aphid to adult beetle 0.56 0.64 0.66 0.79 0.71 
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Figure 4.24: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Pb in soil (independent) vs Pb 
content in root (dependent); (B) Pb content in root (independent) vs Pb content in shoot 
(dependent); (C) Pb content in shoot (independent) vs Pb content in aphids (dependent) and 
(D) Pb content in aphids (independent) vs Pb content in beetles (dependent). **Correlation is 
significant at the 0.01 level and *correlation at 0.05 level (2-tailed).   
4.3.4. Accumulation of zinc in food chain 
 Zinc concentrations in roots increased significantly (P < 0.05) with sewage 
sludge application rates except in T1 (5% sewage sludge in soil). The highest 
concentration of Zn (346.80 mg kg-1 dry roots) was recorded in roots of mustard 
grown in soil amended with 40% (T4) sewage sludge ratio (Figure 4.25). Zinc in the 
roots was 1.55–2.7 times higher than its total concentration in the soil and 18-24 times 
higher than its extractable fraction in the soil. The Zn content in shoot increased 
consistently in plants grown in soil amended with 10, 20 and 40% sewage sludge 
ratios (Figure 4.25). Transfer coefficients of Zn between the roots and shoots 
remained below one at all application rates of sewage sludge, but relatively higher 
than the transfer coefficients in control (Table 4.8).  
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Figure 4.25: Zinc concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids and adult beetles on amendment of soil with varying levels of sewage sludge (T0: 
unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge). Bars with different 
small letters in each group are significantly different from each other at p < 0.05.  
Table 4.8: Transfer coefficients of zinc concentrations between various components of the 
soil – plant – aphid – beetle food chain on the amendment of soil with various levels of 
sewage sludge. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
 The accumulation of Zn in aphid bodies increased significantly (P < 0.05) in 
response to all levels of sewage sludge applications in soil as compared to control. 
The highest Zn accumulation (268.10 mg kg-1) was found in aphid bodies fed on 
plants grown in soil amended with 40% sewage sludge ratio (Figure 4.25). As was the 
case for Cd and Pb, transfer coefficients between shoots and aphids fell with 
increasing sludge amendments in soil. But, the coefficients for Zn were much higher 
than for the other two metals in all treatments (Table 4.8). Zn concentration in newly 
Food chain components T0 T1 T2 T3 T4 
Total soil to root  1.55 1.69 2.57 2.70 2.08 
Extractable soil to root 18.09 18.49 22.19 23.68 19.00 
Root to shoot 0.74 0.80 0.81 0.78 0.70 
Shoot to aphid 2.29 2.16 1.72 1.23 1.11 
Aphid to adult beetle 1.22 1.13 0.93 0.89 0.85 
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emerged adult beetles increased significantly (P < 0.05) on application of 10 - 40% 
sewage sludge ratios in soil (Figure 4.25). The transfer coefficients of Zn from aphids 
to beetles decreased with increase in the sewage sludge application levels (Table 4.8). 
Only some level of biomagnification occurred in control (T0) and T1 (Table 4.8). 
4.3.4.1. Correlations between zinc concentrations in components of food chain 
 The correlation coefficients and equations of linear regression between 
independent and dependent variables (on x and y axis, respectively) for the Zn 
accumulation in different components of plant-arthropod food chain were determined. 
The extractable Zn in soil and its uptake in roots were strongly correlated (R2= 0.96; 
Figure 4.26A). The uptake of Zn in roots increased with the amount of extractable Zn 
in soil (Figure 4.26A). Significant correlation existed between Zn content in dry roots 
and its uptake in dry shoots (R2= 0.98; Figure 4.26B), Zn content in shoot and its 
accumulation in aphids (R2= 0.90; Figure 4.26C) and between Zn content in aphids 
and Zn accumulation in newly emerged adult beetles (R2= 0.97; Figure 4.26D). 
 
 
 
 
 
 
 
 
 
Figure 4.26: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Zn in soil (independent) vs Zn 
content in root (dependent); (B) Zn content in root (independent) vs Zn content in shoot 
(dependent); (C) Zn content in shoot (independent) vs Zn content in aphids (dependent) and 
(D) Zn content in aphids (independent) vs Zn content in beetles (dependent). **Correlation is 
significant at the 0.01 level and *correlation at 0.05 level (2-tailed).       
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4.3.5. Heavy metal excretion by aphids via honeydew 
 The levels of heavy metals in aphid honeydew increased with amounts of 
sludge application (used for growing mustard to feed aphids). This indicates that 
aphids excrete some amounts of accumulated metals via honeydew. The ratio of metal 
in honeydew to metal in aphid exhibited marked differences among the three elements 
(Table 4.9). The amount of excretion of selected heavy metals (Cd, Pb and Zn) with 
honeydew had strong and positive correlation with the amounts of heavy metals 
transferred to aphid bodies via mustard shoots (Figure 4.27A-4.27C). The elimination 
of Cd via honeydew was most efficient as the ratio of metal in honeydew to aphid 
rose with increasing exposure (Table 4.9). The elimination of Pb had similar excretion 
pattern but, with relatively lesser magnitude than Cd (Table 4.9). Zinc elimination via 
honeydew was 2-3 times lesser than the elimination of the other two metals and did 
not vary with exposure. But overall elimination of Zn via honeydew in terms of 
quantity was higher than the total quantities of Cd and Pb eliminated with honeydew 
(Table 4.9). 
4.3.6. Heavy metals sequestered in pupal exuviae 
 Concentrations of all three selected heavy metals in the exuviae increased with 
sewage sludge application rates in soil (Table 4.9). Significant (P < 0.05) 
sequestration of Cd was noted in 20% (T3) and 40% (T4), Pb in 10% (T2), 20% (T3), 
40% (T4) and Zn in all the four sludge application rates (Table 4.9). The results of 
present study indicate that Cd body burden in beetle larvae was most readily lost (10.2 
– 14.8%) via the pupal exuviae. The Zn was most strongly retained by the adult 
beetles (Table 4.9). The extent of sequestration of selected heavy metals (Cd, Pb and 
Zn) in pupal exuviae was directly related with the amounts of heavy metal 
accumulation in pupal body (Figure 4.27D - 4.27F). 
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Table 4.9: Heavy metal contents (mg kg-1 dry weight) eliminated with honeydew of aphids and 
in pupal exuviae of beetles exposed to varying levels of sewage sludge (mean ± SE, n = 4). 
Values with different superscript small letters in each group are significantly different from each 
other at p < 0.05. 
 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
Values within parenthesis in honeydew coloumns are the ratios of metal contents in honeydew vs metal contents in aphids. 
Values within parethesis in exuviae coloumns are percentages of total metal burden lost via exuviae.  
 
 
 
 
 
 
 
 
     
 
Figure 4.27: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables. (A) Cd content in aphids (independent) vs Cd 
content in honeydew (dependent); (B) Pb content in aphids (independent) vs Pb content in 
honeydew (dependent); (C) Zn content in aphids (independent) vs Zn content in honeydew 
(dependent); (D) Cd content in beetle pupa (independent) vs Cd content in pupal exuvia 
(dependent), (E) Pb content in pupa (independent) vs Pb content in pupal exuvia (dependent) 
and (F) Zn content in pupa (independent) vs Zn content in pupal exuvia. **Correlation is 
significant at the 0.01 level and *correlation at 0.05 level (2-tailed).   
Amendments Cd (mg kg-1) Pb (mg kg-1) Zn (mg kg-1) 
Honeydew Pupal  
exuviae 
Honeydew Pupal  
exuviae 
Honeydew Pupal 
 exuviae 
T0 0.31±0.04a 
(0.21) 
0.86±0.09a 
(14.79) 
1.73±0.11a 
(0.18) 
4.37±0.33a 
(10.55) 
9.74±1.04a 
(0.10) 
74.75±6.24a 
(8.81) 
T1 0.53±0.04b 
(0.24) 
0.95±0.12a 
(12.02) 
1.97±0.19a 
(0.18) 
5.31±0.31a 
(10.25) 
13.59±2.67a 
(0.09) 
109.54±12.10b 
(9.02) 
T2 0.64±0.05b 
(0.28) 
1.12±0.08a 
(11.95) 
3.15±0.14b 
(0.24) 
6.68±0.30b 
(10.32) 
26.41±3.44b 
(0.11) 
140.52±15.42b 
(8.69) 
T3 1.40±0.10c 
(0.33) 
1.87±0.19b 
(10.82) 
3.62±0.33bc 
(0.25) 
8.25±0.48c 
(9.97) 
28.54±2.49b 
(0.11) 
131.83±12.14b 
(8.02) 
T4 1.79±0.08d 
(0.35) 
1.96±0.12b 
(10.21) 
4.17±0.23c 
(0.27) 
8.73±0.32c 
(10.84) 
31.24±0.57b 
(0.12) 
142.56±9.61b 
(8.59) 
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   4.3.7. Predation rate of beetle  
 Present results show that the lower levels of sewage sludge applications in soil 
(5 to 20%) did not have any statistical effect on the consumption of aphids by fourth 
instar larvae of predatory beetles (Coccinella septempunctata). But, average 
consumption rate (predation rate) by beetle larvae reduced significantly (P < 0.05), 
when fed on aphids (Lipaphis erysimi) nurtured on the shoots of mustard plants 
exposed to 40% (T4) level of sewage sludge (Figure 4.28).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28: Effect of varying levels of sewage sludge application (T0: unamended soil; T1: 
5%; T2: 10%; T3: 20%; T4: 40% sewage sludge) on the consumption of aphids by beetle 
larvae (mean ± SE; n = 4). Bars with different small letters are significantly different from 
each other at p < 0.05. 
4.3.8. Biomass of aphids and predatory beetles 
 As an indicator of sub-lethal toxicity, the fresh and dry mass of aphids and 
newly emerged adult beetles were measured. The fresh and dry mass of aphids 
reduced significantly (p < 0.05) when fed on shoots of mustard treated with 40% 
sewage sludge (Table 4.10). The fresh mass of newly emerged adult beetles reduced 
significantly (p < 0.05) when their larvae were fed on aphids exposed to 20% (T3) and 
40% (T4) sludge treated plants, whereas reduction (p < 0.05) in dry mass of newly 
emerged adult beetles was found only when their fourth instar larvae fed on aphids 
exposed to 40% sewage sludge treated plants (Table 4.10). 
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Pupal exuvia 
Cd = 0.86-1.96 mg kg-1 
Pb = 4.37-8.73 mg kg-1 
Zn = 74.75-142.56 mg kg-1 
Aphid  
Cd = 1.42-5.14 mg kg-1 
Pb = 9.83-15.29 mg kg-1 
Zn = 95.78-268.10 mg kg-1 
 
Predatory beetle (adult) 
Cd = 0.75-2.76 mg kg-1 
Pb = 5.52-11.18 mg kg-1 
Zn = 116.39-228.69 mg kg-1 
Beetle larva 
 
 
 
Soil (extractable) 
Cd = 0.14-0.62 mg kg-1 
Pb = 2.24-3.45 mg kg-1 
Zn = 3.13-18.25 mg kg-1 
Soil (total) 
Cd = 0.45-2.87 mg kg-1 
Pb = 11.17-19.90 mg kg-1 
Zn = 36.46-166.58 mg kg-1 
Root 
Cd = 1.28-9.55 mg kg-1 
Pb = 17.37-43.62 mg kg-1 
Zn = 56.62-346.80 mg kg-1 
Shoot 
Cd = 0.87-7.12 mg kg-1 
Pb = 11.32-23.26 mg kg-1 
Zn = 41.84-242.60 mg kg-1 
Honeydew 
Cd = 0.31-1.79 mg kg-1 
Pb = 1.73-4.17 mg kg-1 
Zn = 9.74-31.24 mg kg-1 
 
Table 4.10: Variation in fresh and dry weight (mg individual-1) of aphids and newly emerged 
adult beetles exposed to various application rates of sewage sludge (mean ± SE; n = 4). 
Values with different small superscript letters in each group are significantly different from 
each other at p < 0.05. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% sewage sludge. 
  In Figure 4.29 (below), a summary of overall findings of this experiment 
(Experiment 3) is shown in nutshell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.29: The range of cadmium, lead and zinc concentrations (mg kg-1 dry weight) in the 
components of the soil-mustard-aphid-beetle food chain exposed to varying rates of sewage 
sludge application (0 to 40%). 
Amendments 
Fresh mass (mg) Dry mass (mg) 
Aphid Adult beetle Aphid Adult beetle 
T0 0.18±0.02ab 31.24±1.55a 0.032 ± 0.003a 6.14 ± 0.31a 
T1 0.20±0.02a 30.40±1.58a 0.037 ± 0.002a 6.48 ± 0.35a 
T2 0.18±0.01ab 28.07±1.35ab 0.028 ± 0.003ab 6.25 ± 0.41a 
T3 0.21±0.02a 24.56±1.40bc 0.030 ± 0.005a 6.07 ± 0.27a 
T4 0.15±0.01b 22.97±1.22c 0.020 ± 0.002b 5.05 ± 0.13b 
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4.4. EXPERIMENT 4 
     The objectives of the present experiment were: 
i) to determine the extent to which cadmium, lead and zinc are 
transferred from the fly ash amended soil in plant - aphid - beetle food 
chain. 
ii) to examine the pathways through which metals transferred to arthropod 
bodies are lost or eliminated. 
4.4.1. Characteristics and heavy metal contents in fly ash amended soil  
 The fly ash used to amend the soil in present experiment was alkaline in nature 
(pH = 8.85) with relatively lower contents of nitrogen and organic carbon than in 
the garden (unamended) soil (Table 4.3; Experiment 2). The fly ash levels (≥ 10%) 
increased the pH of resultant soil mixture significantly (p < 0.05) as compared to 
the unamended soil (Table 4.11). The organic carbon content in all levels of 
amended soil decreased significantly (p < 0.05) as compared to garden soil (T0). 
Application of 10 to 40% fly ash ratios reduced the total nitrogen content 
significantly (p < 0.05) in the resultant soil mixtures as compared to unamended 
soil used as control (Table 4.11).  
Table 4.11: Selected properties and heavy metal concentrations (total and extractable) in 
unamended soil and soil after amendments with fly ash (mean ± SE, n = 4). Values with 
different small superscript letters in each group are significantly different from each other at 
p < 0.05.  
 T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
Parameters T0 T1 T2 T3 T4 
pH 7.76±0.02a 7.83±0.02a 8.02±0.02b 8.20±0.03c 8.40±0.03d 
Organic C% 0.74±0.02a 0.68±0.01b 0.66±0.02b 0.57±0.02c 0.51±0.02d 
Total N (%) 0.16±0.014a 0.15±0.007a 0.12±0.011b 0.11±0.004b 0.09±0.011b 
Total heavy metals (mg kg-1) 
Cd 0.46±0.03a 0.49±0.04a 0.53±0.02a 0.62±0.02b 0.80±0.02c 
Pb 11.24±0.42a 11.93±0.54ab 12.15±0.31ab 12.70±0.48bc 13.54±0.37c 
Zn 35.9±2.20a 37.87±2.50a 40.74±1.90ab 46.12±2.14b 55.52±1.43c 
DTPA extractable heavy metals (mg kg-1) 
Cd 0.12±0.01a 0.12±0.01a 0.14±0.01a 0.16±0.01ab 0.19±0.01b 
Pb 2.11±0.09a 2.16±0.08a 2.22±0.06ab 2.30±0.08ab 2.46±0.07b 
Zn 3.22±0.11a 3.16±0.08a 3.52±0.11ab 3.88±0.13b 4.67±0.18c 
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 Higher fly ash application rates (20% and 40%) increased the total 
concentrations of Cd, Pb and Zn significantly (p < 0.05) in the resultant soil 
mixtures as compared to the garden soil (Table 4.11). The DTPA extractable 
fractions of Cd and Pb were significantly (p < 0.05) higher in soil mixture on 40% 
application rate of fly ash and Zn on 20 (T3) and 40% (T4) application rates as 
compared to unamended soil. Among the three metals, concentrations of Zn were 
highest followed by Pb and Cd in all amended and unamended soil samples (Table 
4.11). 
4.4.2. Accumulation of cadmium in food chain  
 The cadmium concentration in mustard (Brassica juncea var. Alankar) roots 
increased significantly (P < 0.05) when grown in fly ash amended soil (10 to 40% 
fly ash ratios), with highest concentration (2.44 mg kg-1 dry roots) in T4 (Figure 
4.30). Transfer coefficients of Cd between the soil and mustard roots increased 
with levels of fly ash applications and ranged between 2.74 and 3.37 for total to 
root and 10.5 – 13.06 for extractable fraction to root (Table 4.12). The 
concentration of Cd in shoots also increased significantly (P < 0.05) on 
applications of 20% (T3) and 40% (T4) fly ash in soil, indicating Cd transfer to 
shoots in proportion to root uptake (Figure 4.25). The transfer coefficients of Cd 
between the root and shoot remained below one (Table 4.12). The Cd 
concentration in aphids (Lipaphis erysimi) also increased significantly (P < 0.05) 
with fly ash application rates of 10 - 40% (T2 - T4) as compared to the control 
(Figure 4.30). Transfer coefficients from shoot to aphid were higher than one in all 
levels of fly ash amended soil including garden soil (Table 4.12). The 
accumulation of Cd in newly emerged adult beetles (Coccinella septempunctata) 
increased significantly (P < 0.05) with 10 (T2) to 40% (T4) fly ash application 
rates as compared to control (Figure 4.30). Transfer coefficients of Cd between 
aphids and predatory beetles were always lesser than one in all soil amendments 
with fly ash (Table 4.12). 
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Figure 4.30: Cadmium concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, 
shoots, aphids, and adult beetles on amendment of soil with varying levels of fly ash (T0: 
unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash). Bars with different small 
letters in each group are significantly different from each other at p < 0.05. 
 
Table 4.12: Transfer coefficients of cadmium concentrations between various components 
of the soil – plant – aphid – beetle food chain on amendment of soil with various levels of 
fly ash. 
 T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
 
4.4.2.1. Correlations between cadmium concentrations in components of food 
chain 
 The correlation coefficients and equations of linear regression were 
determined between independent and dependent variables viz., extractable Cd 
content in soil vs Cd content in roots (Figure 4.31A), Cd content in roots vs Cd 
Food chain components T0 T1 T2 T3 T4 
Total soil to root  2.74 2.82 3.21 3.37 3.05 
Extractable soil to root 10.50 11.50 12.14 13.06 12.84 
Root to shoot 0.60 0.64 0.67 0.70 0.68 
Shoot to aphid 1.59 1.60 1.68 1.48 1.25 
Aphid to adult beetle 0.64 0.68 0.67 0.66 0.72 
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content in shoots (Figure 4.31B), Cd content in shoots vs Cd content in aphids 
(Figure 4.31C), and Cd content in aphids vs Cd content in beetles (Figure 4.31D). 
The regression line in Figure 4.31A shows that the uptake of Cd in root increased 
linearly with the quantity of extractable Cd in soil (Figure 4.31A). Strong and 
significant correlations existed between Cd content in roots and its uptake in shoots 
(R2= 0.99; Figure 4.31B), Cd content in shoots and amounts transferred to aphids 
(R2= 0.86; Figure 4.31C) and between Cd contents in aphids and the amounts 
transferred to newly emerged adult beetles (R2= 0.97; Figure 4.31D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Cd in soil (independent) vs 
Cd content in root (dependent); (B) Cd content in root (independent) vs Cd content in 
shoot (dependent); (C) Cd content in shoot (independent) vs Cd content in aphids 
(dependent) and (D) Cd content in aphids (independent) vs Cd content in beetles 
(dependent). Independent variables on x-axis and dependent variables on y-axis. 
**Correlation is significant at the 0.01 level and *correlation at 0.05 level (2-tailed). 
4.4.3. Accumulation of lead in food chain 
 Concentration of lead in roots increased significantly (P < 0.05) with 10% 
(T2) to 40% (T4) rates of fly ash applied in soil as compared to control (Figure 
4.32). Like Cd, the transfer coefficients between total Pb concentration in the soil 
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and roots increased with fly ash application rate and ranged between 1.39 and 2.15 
(Table 4.13). The transfer coefficients between extractable Pb in varying fly ash- 
soil mixtures and mustard roots were very high and ranged between 7.39 and 11.85 
(Table 4.13). Accumulation of Pb also increased in shoots of plants grown in high 
levels of fly ash amended soil (20% and 40%) as compared to control (P < 0.05). 
Root to shoot transfer coefficients of Pb remained below one in all plant samples 
grown in soil amended with varying fly ash rates (Table 4.13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32: Lead concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids, and newly emerged adult beetles on amendment of soil with varying levels of fly 
ash (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash). Bars with 
different letters in each group are significantly different from each other at p < 0.05. 
  
 The lead accumulation in aphids corresponded with levels of fly ash added 
in soil and quantity in the roots of mustard plants (Figure 4.32). The transfer 
coefficients of Pb from mustard shoot to aphids were below one in most of the 
treatments (Table 4.13). The Pb concentration in newly emerged adult beetles 
increased (P < 0.05) when fed on aphids nurtured on plants grown in 10 – 40% fly 
ash amended soil (Figure 4.31). The transfer coefficients of Pb between aphid and 
beetles also remained below one irrespective of the fly ash treatment levels (Table 
4.13). 
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Table 4.13: Transfer coefficients of lead concentrations between various components of 
the soil – plant – aphid – beetle food chain on amendment of soil with various levels of fly 
ash. 
 T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
4.4.3.1. Correlations between lead concentrations in components of food chain 
 The correlation coefficients and equations of linear regression were 
determined between pairs of independent and dependent variables viz., extractable 
Pb content in soil vs Pb content in roots (Figure 4.33A), Pb content in roots vs Pb 
content in shoots (Figure 4.33B), Pb content in shoots vs Pb content in aphids 
(Figure 4.33C) and Pb content in aphids vs Pb content in beetles (Figure 4.33D). 
The regression line in Figure 4.33A shows that the uptake of Pb in root increased 
linearly with the increase in quantities of extractable Pb in varying levels of 
amended soil (Figure 4.33A). Significant correlations existed between Pb content 
in roots and its uptake in shoots (R2= 0.95; Figure 4.33B), Pb content in shoots and 
amounts transferred to aphids (R2= 0.89; Figure 4.33C) and between Pb contents in 
aphids and the amounts transferred to newly emerged adult beetles (R2= 0.98; 
Figure 4.33D). 
 
 
 
 
 
 
 
 
 
Food chain components T0 T1 T2 T3 T4 
Total soil to root  1.39 1.54 1.82 2.12 2.15 
Extractable soil to root 7.39 8.51 9.96 11.71 11.85 
Root to shoot 0.62 0.57 0.56 0.56 0.63 
Shoot to aphid 0.85 0.90 0.91 1.03 0.84 
Aphid to adult beetle 0.65 0.63 0.69 0.71 0.66 
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Figure 4.33: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Pb in soil (independent) vs 
Pb content in root (dependent); (B) Pb content in root (independent) vs Pb content in shoot 
(dependent); (C) Pb content in shoot (independent) vs Pb content in aphids (dependent) 
and (D) Pb content in aphids (independent) vs Pb content in beetles (dependent).  
Independent variables on x-axis and dependent variables on y-axis. **Correlation is significant 
at the 0.01 level and *correlation at 0.05 level (2-tailed).  
4.4.4. Accumulation of zinc in food chain 
 Zinc concentration in roots increased significantly (p < 0.05) on 40% (T4) fly 
ash application in comparison to control (Figure 4.34). The root of mustard grown 
in 40% (T4) fly ash amended soil accumulated 88.74 mg Zn kg-1 dry weight 
(Figure 4.34). Zinc accumulation in mustard roots was 1.60 – 1.68 times higher 
than the total concentration in the soil amended with varying levels of fly ash and 
19 - 20 times higher than the extractable fraction of Zn in the soil amended with 
different ratios of fly ash (Table 4.14). Zinc concentrations in shoots of mustard 
also increased significantly (p < 0.05) when grown in 20 and 40% fly ash (T3 and 
T4) amended soils. Highest Zn concentration in the shoots was 74.45 mg kg-1 dry 
weight on 40% fly ash application in soil (Figure 4.34). Transfer coefficients of Zn 
between the roots and shoots increased with the rate of fly ash application in soil 
and remained below one in all treatments of soil (Table 4.14).  
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Figure 4.34: Zinc concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids, and newly emerged adult beetles on amendment of soil with varying levels of fly 
ash (T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash). Bars with 
different small letters in each group are significantly different from each other at p < 0.05. 
 
Table 4.14: Transfer coefficients of zinc concentrations between various components of 
the soil – plant – aphid – beetle food chain on amendment of soil with various levels of fly 
ash. 
 T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
 Aphids accumulated higher amounts of Zn in their bodies and the 
concentration of Zn increased with the ratio of fly ash (≥ T2) as compared to 
control (P < 0.05). The highest Zn accumulation (153.31mg kg-1) was found in 
aphids fed on mustard plants grown in 40% (T4) fly ash amended soil (Figure 
4.34). Unlike Cd and Pb, the Zn was biomagnified in aphids as transfer coefficients 
of Zn between shoots and aphids were higher than one (Table 4.14). The Zn was 
Food chain components T0 T1 T2 T3 T4 
Total soil to root  1.68 1.65 1.68 1.67 1.60 
Extractable soil to root 18.78 19.78 19.43 19.87 19.00 
Root to shoot 0.73 0.78 0.82 0.86 0.84 
Shoot to aphid 2.24 2.40 2.39 2.18 2.06 
Aphid to adult beetle 1.29 1.29 1.35 1.35 1.26 
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actively transferred in newly emerged adult beetles when fed on aphids of mustard 
plants exposed to various levels of fly ash (Figure 4.34). The Zn concentration in 
beetles increased significantly (P < 0.05) with increase in the quantities of fly ash 
(T2 to T4) in soil as compared to control. The transfer coefficients of Zn from 
aphid to beetle were always greater than one (Table 4.14). 
4.4.4.1. Correlations between zinc concentrations in components of food chain 
 The correlation coefficients and equations of linear regression were 
determined between extractable Zn content in soil vs Zn content in roots (Figure 
4.35A), Zn content in roots vs Zn content in shoots (Figure 4.35B), Zn content in 
shoots vs Zn content in aphids (Figure 4.35C) and Zn content in aphids vs Zn 
content in beetles (Figure 4.35D). The regression line in Figure 4.35A shows that 
the Zn uptake in root increased linearly with the quantity of extractable Zn in soil 
(Figure 4.35A). Strong and significant correlations existed between Zn content in 
roots and its uptake in shoots (R2= 0.97; Figure 4.35B), Zn content in shoots and  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) extractable Zn in soil (independent) vs Zn 
content in root (dependent); (B) Zn content in root (independent) vs Zn content in shoot 
(dependent); (C) Zn content in shoot (independent) vs Zn content in aphids (dependent) and 
(D) Zn content in aphids (independent) vs Zn content in beetles (dependent). Independent 
variables shown on x-axis and dependent variables on y-axis. **Correlation is significant at the 0.01 
level and *correlation at 0.05 level (2-tailed).  
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amounts of it transferred to aphids (R2= 0.92; Figure 4.35C) and between Zn 
contents in aphids and the amounts transferred to newly emerged adult beetles (R2= 
0.95; Figure 4.35D). 
4.4.5. Heavy metal excretion by aphids via honeydew 
 Estimation of selected heavy metal levels in aphid honeydew showed that 
concentrations of Cd, Pb and Zn increased in honeydew in proportions to fly ash 
applied in the soil (Table 4.15). The amounts of Cd, Pb and Zn excreted by aphids 
with honeydew were strongly correlated with the concentration of these heavy 
metals in the aphid bodies (Figure 4.36A-4.36C). The ratio of metal in honeydew 
to metal in aphid bodies exhibited marked differences among the three selected 
heavy metals (Table 4.15). The elimination of Cd via honeydew was most efficient 
as the ratio of metal in honeydew to aphid was higher than the Pb and Zn. Among 
the three selected heavy metals, the elimination of Zn with honeydew was 
relatively less efficient than Pb and Cd as the ratio of Zn contents between 
honeydew and aphids was far lesser than the ratios of Cd and Pb (Table 4.15).  
Table 4.15: Heavy metal contents (mg kg-1 dry weight) eliminated with honeydew of 
aphids and in pupal exuviae of predatory beetles exposed to varying levels of fly ash (mean 
± SE; n = 4). Values with different small superscript letters in each group are significantly 
different from each other at p < 0.05. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
Values within parenthesis in honeydew coloumns are the ratios of metal contents in honeydew vs metal contents in aphids. 
Values within parethesis in exuviae coloumns are percentages of total metal burden lost via exuviae.  
4.4.6. Heavy metals sequestered in pupal exuviae 
 The concentrations of all three selected metals in pupal exuviae increased with 
fly ash application rate used for growing host plants and feeding the aphids. 
Amendments Cd (mg kg-1) Pb (mg kg-1) Zn (mg kg-1) 
Honeydew Pupal 
 exuviae 
Honeydew Pupal  
exuviae 
Honeydew Pupal  
exuviae 
T0 0.25±0.03a 
(0.21) 
0.50±0.06a 
(8.74%) 
1.33±0.11a 
(0.16) 
2.66±0.20a 
(6.58%) 
7.94±0.58a 
(0.08) 
51.51±5.09a 
(5.43%) 
T1 0.30±0.03ab 
(0.21) 
0.68±0.06a 
(9.58%) 
1.59±0.12a 
(0.17) 
3.84±0.23b 
(8.85%) 
8.21±0.72a 
(0.07) 
68.10±6.79ab 
(6.62%) 
T2 0.46±0.04abc 
(0.24) 
1.14±0.09b 
(11.44%) 
1.92±0.18a 
(0.17) 
5.53±0.43c 
(9.41%) 
9.42±0.41a 
(0.07) 
90.73±8.87bc 
(6.80%) 
T3 0.56±0.06c 
(0.26) 
1.39±0.12b 
(12.76%) 
3.07±0.27b 
(0.20) 
6.56±0.57c 
(8.01%) 
11.56±0.69b 
(0.08) 
98.82±9.06c 
(7.00%) 
T4 0.52±0.14bc 
(0.25) 
1.16±0.12b 
(10.44%) 
2.80±0.43b 
(0.18) 
8.20±0.36d 
(10.58%) 
13.80±0.82c 
(0.09) 
79.82±8.41bc 
(5.76%) 
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Significant (p < 0.05) elimination of Pb via beetle exuviae corresponded to the 
levels of fly ash application used in present experiment (Table 4.15). The percent 
(%) sequestration of metal burden in exuviae (Table 4.15, within parenthesis) 
indicates that Cd and Pb were sequestered almost with same efficiency. In 
contrary, Zn was most strongly retained by the adult beetles (Table 4.15). The 
sequestration of Cd, Pb and Zn in pupal exuviae had direct correlations with the 
amounts of these metals present in the pupae of beetles (Figure 4.36D-4.36F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36: Square of correlation coefficients (R2), equation of linear regression and 
regression line plotted between two variables (A) Cd content in aphids (independent) vs 
Cd content in honeydew (dependent); (B) Pb content in aphids (independent) vs Pb content 
in honeydew (dependent); (C) Zn content in aphids (independent) vs Zn content in 
honeydew (dependent); (D) Cd content in beetle pupae (independent) vs Cd content in 
pupal exuviae (dependent), (E) Pb content in pupae (independent) vs Pb content in pupal 
exuviae (dependent) and (F) Zn content in pupae (independent) vs Zn content in pupal 
exuviae. **Correlation is significant at the 0.01 level and *correlation at 0.05 level (2-tailed).      
 
4.4.7. Predation rate of beetle 
 The results summarised in Figure 4.37 show that the average aphid 
consumption rate (predation rate) by beetle (C. septempunctata) larvae was not 
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affected when fed on aphids (L. erysimi) reared on plants grown in soil amended 
with various levels of fly ash unlike sewage sludge application (Figure 4.28, 
Experiment 3).  
 
 
 
 
 
 
 
 
 
Figure 4.37: Effect of various levels of fly ash application (T0: unamended soil; T1: 5%; 
T2: 10%; T3: 20%; T4: 40% fly ash) on the consumption of aphids by beetle larvae 
(mean ± SE; n = 4). Bars with different small letters are significantly different from each 
other at p < 0.05. 
 
4.4.8. Biomass of aphids and predatory beetles 
 Amendments of soil with fly ash did not have statistically significant effect on 
the fresh and dry weight of aphids (p > 0.05). Soil amendments with fly ash also 
had no significant effect on the biomass (fresh and dry) of newly emerged adult 
beetles (p > 0.05; Table 4.16). 
Table 4.16: Variation in fresh and dry weight (mg individual-1) of aphids and newly 
emerged adult beetles exposed to various application rates of fly ash (mean ± SE; n = 4). 
Values with different superscript letters in each group are significantly different from each 
other at p < 0.05. 
T0: unamended soil; T1: 5%; T2: 10%; T3: 20%; T4: 40% fly ash. 
Amendments 
Fresh mass (mg) Dry mass (mg) 
Aphid Adult beetle Aphid Adult beetle 
T0 0.21±0.02ns 31.2±1.50ns 0.029±0.001ns 6.55±0.13ns 
T1 0.21±0.02ns 30.65±1.64ns 0.030±0.002ns 6.43±0.13ns 
T2 0.20±0.01ns 31.32±1.73ns 0.035±0.002ns 6.64±0.07ns 
T3 0.18±0.01ns 30.32±1.21ns 0.030±0.002ns 6.45±0.10ns 
T4 0.18±0.01ns 28.56±1.78ns 0.03±0.002ns 6.32±0.09ns 
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 In Figure 4.38 (below), a summary of overall findings of this experiment 
(Experiment 4) is shown in nutshell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.38: The range of cadmium, lead and zinc concentrations (mg kg-1 dry weight) in the 
components of the soil – mustard – aphid – beetle food chain after the amendment of soil with 
varying rates of fly ash application (0 to 40%). 
 
  
 
Aphid  
Cd = 1.21-2.16 mg kg-1 
Pb = 8.32-15.58 mg kg-1 
Zn = 99.21-153.31 mg kg-1 
 
Predatory beetle (adult)  
Cd = 0.78-1.50 mg kg-1 
Pb = 5.40-11.04 mg kg-1 
Zn = 128.06-194.41 mg kg-1 
Pupal exuvia 
Cd = 0.50-1.39 mg kg-1 
Pb = 2.66-8.20 mg kg-1 
Zn = 51.50-98.82 mg kg-1 
Beetle larva 
 
 
 
Soil (extractable) 
Cd = 0.12-0.19 mg kg-1 
Pb = 2.11-2.46 mg kg-1 
Zn = 3.22-4.67 mg kg-1 
Soil (total) 
Cd = 0.46-0.80 mg kg-1 
Pb = 11.24-13.54 mg kg-1 
Zn = 35.90-55.52 mg kg-1 
Root 
Cd = 1.26-2.44 mg kg-1 
Pb = 15.60-29.16 mg kg-1 
Zn = 60.47-88.74 mg kg-1 
Shoot 
Cd = 0.76-1.67 mg kg-1 
Pb = 9.74-18.25 mg kg-1 
Zn = 44.29-74.45 mg kg-1 
Honeydew 
Cd = 0.25-0.56 mg kg-1 
Pb = 1.33-3.07 mg kg-1 
Zn = 7.94-13.80 mg kg-1 
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4.5. EXPERIMENT 5 
 In the present experiment, complex mixtures of sewage sludge and fly ash 
were used to amend the soil. The fly ash was used to stabilize the characteristics of 
soil-sludge mixture. The soil was amended with 25% (S1) and 50% (S2) sewage 
sludge. Both the mixtures (S1, S2) were re-amended separately with the varying 
levels of fly ash. The 25% (S1) sewage sludge-soil mixture was re-amended with 5% 
(S1F1), 10% (S1F2), and 20% (S1F3) fly ash. Similar fly ash levels (5%, 10% and 
20%) were used to re-amend 50% (S2) sewage sludge-soil mixture and referred as 
S2F1, S2F2, S2F3, respectively. Henceforth, these amendments are referred as control 
(S0; unamended soil), S1, S2, S1F1, S1F2, S1F3, S2F1, S2F2 and S2F3. The 
objectives of the present experiment were: 
i) to examine the potential of fly ash to stabilize sewage sludge.  
ii) to determine the variation in accumulation of cadmium, lead and zinc 
along trophic components of the selected food chain. 
4.5.1. Characteristics and heavy metal contents in soil mixtures 
 The pH of sewage sludge used for the experiment was close to neutral (7.12) 
and had high contents of organic carbon and total nitrogen (Table 4.1; Experiment 1). 
The fly ash used to re-amend the soil-sludge mixture was alkaline in nature (pH = 
8.85) with relatively lesser contents of nitrogen and organic carbon than in the garden 
(unamended) soil (Table 4.3; Experiment 2). Some properties and heavy metal 
contents in the soil- sewage sludge- fly ash complex are shown in Table 4.17. It is 
evident that pH of the soil amended with 25% (S1) and 50% (S2) sewage sludge 
decreased significantly (p < 0.05) as compared to unamended soil (S0). But, addition 
of fly ash in both the soil-sludge mixtures (S1 and S2) increased the pH in resultant 
mixtures (S1F1-S1F3 and S2F1-S2F3). The pH of S1 increased significantly (p < 
0.05) on addition of 10% (S1F2) and 20% (S1F3) fly ash levels. The amendments of 
S2 with fly ash increased the pH significantly (p < 0.05) at all the application rates. 
Organic carbon and total nitrogen (%) decreased with increase in the fly ash quantity 
in both the soil-sludge mixtures (S1, S2). The cadmium, lead and zinc concentrations 
(total and DTPA extractable) were significantly (p < 0.05) higher in S1 and S2 than in 
the unamended soil (S0). Addition of varying amounts of fly ash in S1 and S2 
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Table 4.17: Selected characteristics and heavy metal concentrations (total and DTPA extractable) in control soil and soil amended with sewage sludge and 
sludge-fly ash mixture before the growth of the mustard plant.  
S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; 
S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2.  
Parameters S0 S1 S1F1  S1F2  S1F3  S2 S2F1  S2F2 S2F3 
pH 7.78±0.03b 7.52±0.02c 7.60±0.02c 7.71±0.02b 7.88±0.03a 7.35±0.03e 7.43±0.04d 7.56±0.02c 7.73±0.03b 
Organic C (%) 0.70±0.02a 1.55±0.05c 1.51±0.03bc 1.44±0.04bc 1.36±0.08b 2.30±0.05e 2.25±0.03e 2.16±0.09de 2.02±0.04d 
Total N (%) 0.15±0.01a 0.24±0.02c 0.22±0.03bc 0.18±0.01ab 0.13±0.01a 0.46±0.02f 0.43±0.02f 0.36±0.02e 0.30±0.01d 
Total heavy metals (mg kg-1 dry weight) 
Cd 0.41±0.02a 1.89±0.09b 1.84±0.07b 1.76±0.08b 1.60±0.06b 3.38±0.18c 3.27±0.17c 3.14±0.22c 2.95±0.21c 
Pb 10.80±1.03a 18.40±1.06b 18.18±1.25b 17.95±0.77b 17.30±1.03b 25.89±1.15c 25.27±0.78c 24.68±1.10c 23.06±1.29c 
Zn 39.34±1.96a 117.68±4.86b 119.72±4.23b 111.25±2.87b 102.34±4.56b 212.60±7.99d 202.11±8.57d 196.44±6.19cd 184.16±7.80c 
DTPA extractable (mg kg-1 dry weight) 
Cd 0.12±0.01a 0.49±0.02c 0.49±0.02c 0.45±0.02bc 0.40±0.02b 0.65±0.03f 0.62±0.03ef 0.57±0.03de 0.50±0.03cd 
Pb 1.96±0.10a 2.82±0.12bc 2.73±0.10b 2.64±0.06b 2.50±0.12b 3.38±0.08d 3.35±0.11d 3.22±0.16d 3.13±0.14cd 
Zn 3.80±0.09a 12.25±0.20b 12.20±0.19b 11.92±0.68b 11.76±0.61b 19.37±1.16c 18.86±0.90c 18.30±0.57c 17.44±0.68c 
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mixtures had no statistically significant (p > 0.05) effect on the overall quantities of 
metal levels in the resultant soil mixtures as compared to S1 and S2 (Table 4.17).  
4.5.2. Accumulation of cadmium in food chain 
 The cadmium concentration in mustard roots were higher (p < 0.05) in plants 
grown in soil- sludge mixtures (S1 and S2) as compared to control (Figure 4.39). The 
Cd uptake from re-amended soil (S1F2, S1F3) to root reduced significantly (p < 0.05) 
as compared to S1 (Figure 4.39). The re-amendment of mixture S2 with fly ash (S1F2 
and S1F3) reduced the uptake of Cd in roots of mustard plants (p < 0.05) as compared 
to plants grown in S2 (Figure 4.39). The 10 and 20% additions of fly ash in both the 
sewage sludge mixtures caused significant (p < 0.05) reductions in Cd uptake as 
compared to respective soil- sludge mixtures (S1, S2; Figure 4.39). The accumulation 
of Cd in shoot was relatively lesser than in the root in all levels of soil mixtures. The 
overall pattern of Cd concentration in shoot followed the pattern of root (Figure 4.39).  
 The Cd concentration in aphids (Lipaphis erysimi) fed on plants of sludge-soil 
mixtures (S1, S2) was significantly (P < 0.05) higher than the S0 (Figure 4.39). The 
additions of 10 and 20% fly ash in both the soil-sludge mixtures (S1 and S2) reduced (p 
< 0.05) the accumulation of Cd in aphids as compared to those reared on plants grown 
in S1 and S2 sludge-soil mixtures (Figure 4.39). Transfer coefficients from shoot to 
aphid were lesser than one in all soil amendment ratios except in the unamended soil 
(Table 4.18).  
 The transfer of Cd contents from aphids to predatory beetles (Coccinella 
septempunctata) at third trophic level reduced as compared to the amounts transferred 
from shoot to aphids (Figure 4.39, Table 4.18). Addition of 20% fly ash in S1 and S2 
(S1F3, S2F3) significantly (p < 0.05) reduced the Cd concentrations in beetles as 
compared to beetles which fed on S1 and S2 exposed aphids (Figure 4.39). 
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Figure 4.39: Cadmium concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, 
shoots, aphids and adult beetles on amendment of soil with varying levels of sewage sludge 
and sludge-fly ash mixtures (S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage 
sludge; S1F1: 5% fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% 
fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2). Bars with different small 
letters in each group are significantly different from each other at p < 0.05.  
Table 4.18: Transfer coefficients of cadmium concentrations between various components of 
the soil – plant – aphid – beetle food chain exposed to the various amendments of soil with 
sewage sludge and sludge-fly ash mixtures. 
S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 
10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 
20% fly ash in S2. 
4.5.3. Accumulation of lead in food chain 
 The data summarised in Figure 4.40 show the uptake of Pb in root, shoot and its 
transfer to aphids and predatory beetles at two levels of soil amendments with sewage 
Amendments Total soil to root 
Extractable 
soil to root 
Root to 
shoot 
Shoot to 
aphid 
Aphid to 
beetle 
S0  2.93 10.00 0.70 1.48 0.48 
S1 3.95 15.22 0.71 0.88 0.49 
S1F1 3.64 13.67 0.66 0.85 0.52 
S1F2 3.10 12.11 0.65 0.93 0.49 
S1F3 2.95 11.80 0.66 0.90 0.53 
S2 3.11 16.15 0.69 0.72 0.46 
S2F1 3.22 16.71 0.70 0.70 0.44 
S2F2 2.87 14.86 0.61 0.74 0.50 
S2F3 2.69 14.18 0.66 0.68 0.50 
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sludge (S1, S2) and their re-amendments with varying ratios of fly ash (S1F1, S1F2, 
S1F3, S2F1, S2F2, S2F3). The overall concentrations of Pb in roots, shoots and their 
transfer to aphids and beetles were several times higher than the cadmium (Figure 4.39, 
4.40). All re-amendment of S1 (25% sewage sludge) with varying ratios of fly ash 
(S1F1, S1F2, S1F3) did not statistically affect the Pb uptake in shoot as compared to S1 
(Figure 4.40). But, re-amendment of S2 with 20% fly ash level (S2F3) reduced the Pb 
content in shoots (P < 0.05) as compared to S2. The transfer coefficients from root to 
shoot did not show any regular pattern of variation in varying soil mixtures (Table 
4.19). 
 The soil-sludge mixtures S1 and S2 concentrated the Pb contents significantly 
(P < 0.05) in aphid bodies as compared to S0 (Figure 4.40). But, the re-amendments of 
soil-sludge mixtures (S1 and S2) with varying ratios of fly ash (S1F1-S2F3) had 
statistically no significant impact on the Pb contents in aphid bodies (P > 0.05). In all 
soil mixtures (S1, S1F1-S2, S2F3), the transfer coefficients of Pb between mustard 
shoot and aphids were less than one (Table 4.19). 
  
 
 
 
 
 
 
 
 
 
Figure 4.40: Lead concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids and adult beetles on amendment of soil with varying levels of sewage sludge and 
sludge-fly ash mixtures (S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage 
sludge; S1F1: 5% fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% 
fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2). Bars with different small 
letters in each group are significantly different from each other at p < 0.05.  
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Table 4.19: Transfer coefficients of lead concentrations between various components of the 
soil-plant-aphid-beetle food chain exposed to the various amendments of soil with sewage 
sludge and sludge-fly ash mixtures. 
S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 
10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 
20% fly ash in S2. 
 The newly emerged adult beetles accumulated significantly (p < 0.05) higher Pb 
contents in their bodies when fed on aphids of S1 (25% sewage sludge) and S2 (50% 
sewage sludge) treated plants (Figure 4.40). Addition of 20% fly ash (S1F3) in 25% 
(S1) soil-sludge mixture reduced the amounts of Pb in beetle bodies significantly (P < 
0.05) as compared to S1 (Figure 4.40). The transfer coefficients of Pb between aphids 
and beetles were lower than one and did not show any regular pattern of variation with 
the increase in soil amendment ratios (Table 4.19). 
4.5.4. Accumulation of zinc in food chain 
 The uptake of zinc in the roots of control (S0) plants was several times higher 
than the accumulation of Cd and Pb (Figure 4.39 - 4.41). The Zn uptake by the roots of 
the mustard plants grown in sewage sludge amended soil (S1, S2) increased several 
times (P < 0.05) than the roots of control (S0) plants (Figure 4.41). But, the additions of 
20% fly ash in S1 and 10 and 20% in S2 reduced the Zn uptake in roots significantly (P 
< 0.05) as compared to S1 and S2, respectively (Figure 4.41). The transfer coefficients 
between extractable Zn and root were high in soil-sludge mixtures (S1 and S2) as 
compared to S0 (Table 4.20). But, fly ash additions in both the soil-sludge mixtures (S1 
and S2) reduced the transfer coefficient to some extent as compared to their respective 
soil-sludge mixtures (S1 and S2; Table 4.20). 
Amendments Total soil to root 
Extractable 
soil to root 
Root to 
shoot 
Shoot to 
aphid 
Aphid to 
beetle 
S0 1.25 9.37 0.59 0.76 0.64 
S1 1.75 11.42 0.54 0.68 0.74 
S1F1 1.67 11.12 0.61 0.72 0.79 
S1F2 1.54 10.47 0.52 0.72 0.68 
S1F3 1.38 9.55 0.55 0.69 0.73 
S2 1.55 11.87 0.51 0.62 0.75 
S2F1 1.5 11.31 0.49 0.66 0.73 
S2F2 1.36 10.42 0.55 0.59 0.71 
S2F3 1.21 8.91 0.55 0.67 0.75 
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 Accumulation of Zn contents in shoots of mustard plants grown in varying 
levels of soil-sludge-fly ash complex mixtures were lesser than in their roots, followed 
the pattern of accumulation as in roots (Figure 4.41). Transfer coefficients between the 
roots and shoots did not show any regular pattern of variation when 25% (S1) soil-
sludge mixture was re-amended with varying levels of fly ash (Table 4.20). But, the 
transfer coefficients between the roots and shoots decreased with increase in quantities 
of fly ash added in S2 soil-sludge mixture (Table 4.20). 
 The zinc contents in mustard aphids increased (P < 0.05) on application of 
25% (S1) and 50% (S2) sewage sludge ratios in soil as compared to aphids of plants 
grown in control (S0) soil (Figure 4.41). The addition of 10 and 20% fly ash in S2 soil-
sludge mixture reduced the Zn concentrations significantly (P < 0.05) in aphid bodies as 
compared to S2 (Figure 4.41). The transfer coefficients of Zn between shoots and 
aphids were greater than one but, higher than the transfer coefficients of other two 
metals in all treatments (Table 4.20).  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.41: Zinc concentrations (mg kg-1 dry weight; mean ± SE; n = 4) in roots, shoots, 
aphids and adult beetles on amendment of soil with varying levels of sewage sludge and 
sludge-fly ash mixtures (S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage 
sludge; S1F1: 5% fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% 
fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2). Bars with different small 
letters in each group are significantly different from each other at p < 0.05.  
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Table 4.20: Transfer coefficients of zinc concentrations between various components of the 
soil-plant-aphid-beetle food chain exposed to the various amendments of soil with sewage 
sludge and sludge-fly ash mixtures. 
 S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 
10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 
20% fly ash in S2. 
 Zinc concentrations in adult beetles increased significantly (p < 0.05) in S1 and 
S2 soil-sludge mixtures as compared to S0 (Figure 4.41). The additions of  10  and 20% 
fly ash levels in 25% (S1) soil-sludge mixture and 5-20% fly ash levels in 50% (S2) 
soil-sludge mixture significantly (p < 0.05) reduced the quantities of Zn transferred 
from aphids to beetles as compared to S1 and S2, respectively (Figure 4.41). The 
transfer coefficients of Zn from aphids to beetles were above one in S0, S1 and S1F1 
(Table 4.20). 
4.5.5. Heavy metal excretion by aphids via honeydew  
 The concentrations of cadmium, lead and zinc in excreted honeydew were 
determined and are given in Table 4.21. The concentration of Cd in honeydew of aphids 
feeding on control plants was 0.3 mg kg-1 dry weight. Aphids fed on S1 and S2 treated 
mustard plants excreted significantly higher amounts of Cd with their honeydew as 
compared to honeydew of aphids nurtured on plants grown in unamended soil (Table 
4.21). All re-amendments in S1 (S1F1, S1F2, S1F3) did not affect (p > 0.05) the levels 
of Cd excretion via honeydew as compared to honeydew of aphids reared on S1 treated 
plants (Table 4.21). The re-amendment of S2 with 20% fly ash significantly (p < 0.05) 
reduced the amounts of Cd elimination via honeydew (Table 4.21).  
 The aphids reared on S1 and S2 treated mustard plants excreted higher amounts 
of Pb (p < 0.05) with their honeydew. But, re-amendments of these soil-sludge mixtures 
(S1, S2) with varying levels of fly ash did not have any statistically significant effect on  
Amendments Total soil to root 
Extractable soil 
to root 
Root to 
shoot 
Shoot to 
aphid Aphid to beetle 
S0 1.25 12.95 0.75 2.53 1.36 
S1 1.72 16.57 0.74 1.55 1.06 
S1F1 1.55 15.22 0.69 1.64 1.13 
S1F2 1.51 14.05 0.76 1.53 0.96 
S1F3 1.57 13.70 0.71 1.48 0.98 
S2 1.66 18.24 0.83 1.17 0.84 
S2F1 1.65 17.66 0.79 1.12 0.79 
S2F2 1.46 15.70 0.72 1.20 0.81 
S2F3 1.44 15.22 0.68 1.25 0.88 
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Table 4.21: Concentrations of cadmium, lead and zinc in honeydew of aphids and pupal exuviae of predatory beetles in food chain exposed to 
various amendments of soil with sewage sludge and sludge-fly ash mixture (Mean ± SE, n = 4). Values with different superscript letters in each 
group are significantly different from each other at p < 0.05.  
 
(S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly 
ash in S2; S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2). 
Values within parenthesis in honeydew coloumn are the ratios of metal contents in honeydew vs metal contents in aphids. 
Values within parethesis in exuvia coloumn are percentages of total metal burden lost via exuvia.  
Amendments 
Cd (mg kg-1) Pb (mg kg-1) Zn (mg kg-1) 
Honeydew Pupal exuvia Honeydew Pupal exuvia Honeydew Pupal exuviae 
S0 
0.30±0.04a 
(0.24) 
0.44±0.06a 
(9.82%) 
1.40±0.18a 
(0.17) 
2.89±0.15a 
(7.78%) 
7.47±0.45a 
(0.08) 
50.50±4.62a 
(5.77%) 
S1 
1.24±0.18bcd 
(0.27) 
1.93±0.27b 
(11.62%) 
2.25±0.29bc 
(0.19) 
5.48±0.57bc 
(8.51%) 
25.61±4.44cd 
(0.11) 
114.78±8.67cd 
(6.46%) 
S1F1 1.08±0.25
bcd 
(0.29) 
1.52±0.14b 
(10.94%) 
2.40±0.20c 
(0.18) 
5.82±0.53c 
(7.75%) 
23.11±3.32cd 
(0.11) 
91.84±11.59bc 
(5.55%) 
S1F2 
0.70±0.12ab 
(0.21) 
1.34±0.18b 
(10.67%) 
1.97±0.16abc 
(0.19) 
4.60±0.47bc 
(8.89%) 
19.47±1.68bc 
(0.10) 
140.35±9.78de 
(9.70%) 
S1F3 0.71±0.11
ab 
(0.25) 
1.13±0.18ab 
(10.07%) 
1.45±0.26ab 
(0.16) 
3.89±0.37ab 
(8.19%) 
13.54±2.07b 
(0.08) 
75.68±7.78ab 
(6.47%) 
S2 
1.60±0.17d 
(0.31) 
1.74±0.54b 
(9.96%) 
2.54±0.24c 
(0.20) 
5.88±0.60c 
(8.45%) 
34.31±2.79e 
(0.10) 
163.31±13.54e 
(7.81%) 
S2F1 
1.38±0.31cd 
(0.27) 
1.81±0.28b 
(13.09%) 
2.21±0.26bc 
(0.18) 
5.83±0.57c 
(9.86%) 
29.55±3.86de 
(0.10) 
130.09±11.77d 
(8.55%) 
S2F2 1.32±0.24
cd 
(0.35) 
1.16±0.29ab 
(8.76%) 
1.85±0.30abc 
(0.17) 
4.81±0.22bc 
(8.93%) 
19.86±1.80bc 
(0.08) 
89.66±8.00bc 
(6.57%) 
S2F3 
0.87±0.87abc 
(0.27) 
1.11±0.29ab 
(10.02%) 
1.95±0.28abc 
(0.19) 
4.72±0.81bc 
(8.32%) 
20.31±1.99bc 
(0.09) 
86.64±4.98bc 
(6.08%) 
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the elimination of Pb with honeydew (Table 4.21). The honeydew of aphids of S1 and 
S2 treated plants had several fold high concentrations of Zn (p < 0.05) than in the 
honeydew of the aphids of control (S0) plants (Table 4.21). The excretion of Zn with 
honeydew of aphids fed on S1F3 and S2F2, S2F3 treated plants, reduced significantly 
(p < 0.05) as compared to the Zn concentrations in honeydew of aphids of S1 and S2 
treated plants, respectively (Table 4.21). Among the three selected heavy metals, the 
elimination of Zn with honeydew was relatively less efficient than Pb and Cd as the 
ratio of Zn contents between honeydew and aphids was far lesser than the ratios of Cd 
and Pb in all the soil mixtures (Table 4.21). 
4.5.6. Heavy metals sequestered in pupal exuviae 
 The cadmium, lead and zinc concentrations sequestered in pupal exuviae of 
predatory beetles was also determined (Table 4.21) after their force feeding on aphids 
which were reared on plants treated with varying levels of soil amendments (S0, S1, 
S1F1, S1F2, S1F3, S2, S2F1, S2F2, S2F3). The beetles lost their 9 – 13% of Cd body 
burden by sequestering it in their pupal exuviae (Table 4.21). Part of the Pb was also 
sequestered in pupal exuviae of beetles at third trophic level. The beetles lost 8 - 10% 
of accumulated Pb at larval stage through pupal exuviae (Figure 4.21). The loss of Zn 
through sequestration in pupal exuviae was relatively lesser than the sequestration of 
Cd and Pb via this mechanism. Only 5.5 to 8.5% of the Zn body burden of beetle 
larva was lost via this mechanism (Table 4.21). 
4.5.7. Predation rate of beetle  
 The average aphid consumption rate (predation) by fourth instar larvae of 
predatory beetle reduced significantly (P < 0.05) when fed on aphids of mustard 
plants treated with 50% (S2) level of sewage sludge (Figure 4.42). Re-amendments of 
S1 and S2 with varying levels of fly ash (S1F1 - S1F3, S2F1 - S2F3) did not cause 
any statistically significant variation (p > 0.05) in the consumption of aphids by beetle 
larvae as compared to the larvae which fed on aphids of S1 and S2 treated plants, 
respectively (Figure 4.42). 
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Figure 4.42: Effect on the consumption of aphids by beetle larvae (mean ± SE; n = 4) in a 
food chain exposed to various soil amendment levels with sewage sludge and sludge-fly ash 
mixtures (S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% 
fly ash in S1; S1F2: 10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; 
S2F2: 10% fly ash in S2; S2F3: 20% fly ash in S2). Bars with different letters are 
significantly different from each other at p < 0.05. 
4.5.8. Biomass of aphids and predatory beetles 
 The 50% (S2) soil-sludge mixture significantly (p < 0.05) reduced the fresh 
and dry mass of both aphids and beetles as compared to S0 (Table 4.22). All re-
amendments of S2 with varying levels of fly ash (S2F1-S2F3) did not have any 
statistically significant impact (p > 0.05) on the fresh and dry weight of aphids and 
newly emerged adult beetles as compared to S2 (Table 4.22). 
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Table 4.22: Variation in fresh and dry weight (mg individual-1) of aphids and newly emerged 
adult beetles in food chain exposed to various soil amendment levels with sewage sludge and 
sludge-fly ash mixtures (Mean ± SE; n = 4). Values with different superscript letters in each 
group are significantly different from each other at p < 0.05. 
S0: unamended soil; S1: 25% sewage sludge; S2: 50% sewage sludge; S1F1: 5% fly ash in S1; S1F2: 
10% fly ash in S1; S1F3: 20% fly ash in S1; S2F1: 5% fly ash in S2; S2F2: 10% fly ash in S2; S2F3: 
20% fly ash in S2. 
 
Amendments Fresh mass (mg) Dry mass (mg) 
Aphid Adult beetle Aphid Adult beetle 
S0 0.21±0.01ab 29.56±1.50a 0.035±0.002a 6.24±0.25a 
S1 0.20±0.01ab 25.30±1.07ab 0.032±0.001ab 6.20±0.14ab 
S1F1 0.18±0.02abc 25.62±1.16ab 0.033±0.002a 6.15±0.32ab 
S1F2 0.22±0.01a 26.1±1.22ab 0.032±0.002ab 6.37±0.41a 
S1F3 0.19±0.01abc 26.7±1.97ab 0.03±0.002abc 6.25±0.44a 
S2 0.15±0.01c 24.05±1.69b 0.023±0.001de 5.28±0.17bc 
S2F1 0.16±0.02bc 23.68±0.84b 0.021±0.002e 5.07±0.19c 
S2F2 0.18±0.01abc 24.20±1.17b 0.025±0.001cde 5.58±0.28abc 
S2F3 0.19±0.01abc 24.86±0.92b 0.0027±0.002bcd 5.95±0.27abc 
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5. DISCUSSION 
5.1. Effects of sewage sludge and fly ash on properties and heavy metal contents 
in soil 
 The pH of the sewage sludge used in present study was close to neutral (7.12 ± 
0.04; Table 4.1) and that of fly ash was alkaline in nature (8.85 ± 0.04; Table 4.3). 
Release of humic acid due to biodegradation of organic carbon rich sewage sludge 
may be ascribed to the low pH of sewage sludge (Epstein et al. 1976; Moreno et al. 
1997). The alkaline pH of fly ash is attributed to the presence of Ca2+, Mg2+, Na+ and 
OH- ions along with other elements such as Cu, Zn and Fe (Singh et al. 2008) and its 
major constituent CaO that leads to the formation of Ca(OH)2 with water (Hodgson et 
al. 1982; Singh et al. 2008). 
 The addition of sewage sludge reduced the pH of amended soil (Table 4.5), 
whereas fly ash elevated it (Table 4.11). The modified lower and higher pH of 
amended soil mixtures may be due to the lower pH of sewage sludge as reported 
earlier (Singh and Agrawal 2007, 2010a, 2010b; Mazen et al. 2010) and higher pH of 
fly ash, respectively. The humification of organic carbon present in sewage sludge 
and addition of CaO and MgO present in the fly ash may have modified the pH of 
amended soil accordingly (Epstein et al. 1976; Moreno et al. 1997; Su and Wong 
2003). In earlier reports, the addition of alkaline fly ash in sewage sludge stabilized 
the amended soil by modifying its physico-chemical properties and immobilization of 
metal content (Samaras et al. 2008; Xu et al. 2012). In the present work, the pH of the 
soil-sludge mixtures (25% and 50%) got stabilized in proportion to the amount of fly 
ash added (Table 4.15). 
 Addition of organic carbon and nitrogen rich sewage sludge and fly ash 
(relatively deficient in these factors) in the garden soil led to proportionate changes in 
the properties of amended soil (Table 4.1, 4.3, 4.5, 4.11, 4.15) as was also reported 
earlier (Mazen et al. 2010; Singh and Agrawal 2010a, 2010b, 2010c; Chaudhary et al. 
2011). Higher quantities of proteinic materials in sewage increased the total nitrogen 
content in sewage sludge (Serna and Pomares 1992) and thereby, increased the 
nitrogen content in amended soils. The high nitrogen content in sewage sludge (Table 
4.1) and almost negligible nitrogen content in fly ash (Table 4.3) balanced the 
nitrogen level in soil amended with both sewage sludge and fly ash (Table 4.15).  
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 In Experiment 3 and Experiment 4, the addition of sewage sludge and fly ash, 
respectively increased total concentrations of Cd, Pb and Zn (Table 4.5, 4.11). The 
properties of sewage sludge depend on the waste water composition and treatment 
processes of sewage as well as sludge (Singh et al. 2010a). The sewage sludge used in 
the present study was collected from old waste water treatment plant of AMU. The 
effluents discharged from various laboratories of the University might have 
contributed to high concentrations of heavy metals to waste water and in sewage 
sludge. In present study, the application of this sewage sludge eventually increased 
the heavy metal concentrations in amended soil (Table 4.5). The composition of fly 
ash depends upon the parent coal. Various heavy metals associated with fly ash are 
either found in the coal (parent) directly or in the layers of rock that lie above and 
between the seam of coal (Goodell 2006). The fly ash used in the present study 
contained high amounts of Cd, Pb and Zn (Table 4.3) and eventually increased the 
concentrations of these metals when its varying amounts were added in soil (Table 
4.11).    
 The DTPA extractable (phytoavailable) fraction of Cd, Pb and Zn also 
increased with the additions of sewage sludge and fly ash (Table 4.5, 4.11). The 
phytoavailable or bioavailable fraction of heavy metals in soil is implemented for risk 
assessment as total heavy metals also comprise the fractions that are not easily 
available to the plants (Henning et al. 2001). Phytoavailability of metals is determined 
by the nature of metal species, their interaction with soil colloids, soil properties and 
duration of contact with the surface of these metals (Naidu et al. 2003). The 
extractable (phytoavailable) quantities of Cd, Pb and Zn were relatively higher in soil-
sludge mixtures than in soil-fly ash mixtures (Table 4.5, 4.11). The availability of 
metals in soils depends on their form and concentration in the parent material 
(Antoniadis 1998). Moreover, it is reported that the lower pH increases the 
availability of heavy metals to root more effectively than higher pH (Oliver et al. 
1998; Wang et al. 2006; Adamczyk-Szabela et al. 2015). The concentration of metals 
in sewage sludge was relatively higher than in fly ash (Table 4.1, 4.3) and pH of the 
soil-sludge mixtures were relatively lower than the pH of soil-fly ash mixtures. These 
factors together contribute to higher fractions of extractable heavy metals in soil-
sludge mixtures than in soil-fly ash mixtures. 
Discussion 
 
125 
 
5.2. Effects on the mustard growth   
 Application of sewage sludge and fly ash in lower amounts (10 - 40%) 
enhanced almost all growth parameters of the selected cultivar of mustard measured at 
30 and 60 days old growth stages. But, higher amounts (≥ 70%) of sewage sludge or 
fly ash applications in the soil affected the plant growth adversely at all growth stages 
(Figure 4.1, 4.2, 4.11, 4.12). The nutrient rich sewage sludge and fly ash (in lower 
amounts) may have promoted the growth of selected plant. Qasim et al. (2001) also 
found increase in shoot and root lengths and number and area of leaves of Zea mays 
grown in soil amended with lower levels of sewage sludge (1, 2 and 3 kg m-2). 
Significant increase in plant height of dry beans grown at lower levels of sewage 
sludge has also been reported (Togay et al. 2008). The root length, leaf area and leaf 
number of mustard increased when treated with lower amounts of tannery sludge and 
reduced on its application in higher amounts (Singh and Sinha 2004). Sinha and 
Gupta (2005) reported an increase in root as well as shoot length of Sesbania 
cannabina grown at lower fly ash application rates (10% and 25% fly ash). In 
contrary, Singh and Agrawal (2009) found 10 - 20% decrease in root and shoot length 
of lady’s finger plants grown at 20% and 40% sewage sludge application rates. These 
resemblances and contrasts in the responses of varying plants are attributable to the 
levels of sensitivity and resistance specific to each species and cultivar. 
 The growth retardation (root length, shoot length, leaf number, leaf area) of 
the selected mustard plant grown in higher sewage sludge ratios (≥ 70%) may be 
attributed to the toxic effects of high metal concentrations in amended soil (Liu and 
Cui 1991; Jing et al. 2005) and their subsequent uptake in plant tissues (Figure 4.10A-
4.10C, 4.20A-4.20C). The growth retardation of selected mustard plant on application 
of higher amounts of fly ash may be due to the proportionate reduction in soil 
nitrogen as reported earlier (Wong and Wong 1989; Gupta et al. 2002; Tripathi et al. 
2004). Dwivedi et al. (2007) also reported the reductions in the growth of rice plants 
grown in soil amended with higher ratios of fly ash (≥ 50%). Fly ash also contains 
high amounts of toxic metals like Cd, Cr, Cu, Pb and Zn and excess of these heavy 
metals may have inhibited the root growth (Vazquez et al. 1999; Gunse et al. 2000; 
Tripathi et al. 2000, 2004). High alkalinity caused by excess fly ash application may 
have also reduced the availability of phosphorus and thereby the plant growth (Jala 
and Goyal 2006). The vegetative growth of Vigna radiata (Gupta and Sinha 2009) 
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and Phaseolus vulgaris (Gupta et al. 2007) increased on amendments of soil with low 
amounts of fly ash. The phytotoxicities shown by the plants (in terms of reduced 
growth) grown in soil amended with higher ratios of fly ash (≥ 70%) were relatively 
more pronounced than on amendments of soil with same ratios of sewage sludge 
(Figure 4.1, 4.2, 4.11, 4.12).  
 Quantification of biomass is often reliably used for monitoring the effects of 
various environmental factors. Both the fresh and dry mass of the selected mustard 
cultivar increased when grown either under lower ratios (≤ 40%) of sewage sludge or 
fly ash at both the growth stages (Figure 4.3A, 4.3B, 4.13A, 4.13B). The increase in 
fresh and dry biomass of the mustard plants at lower ratios of sewage sludge may be 
attributed to abundant availability of nutrients through the addition of nutrient rich 
sewage sludge or fly ash (Qasim et al. 2001; Morera et al. 2002; Mittra et al. 2005; 
Dwivedi et al. 2007; Pandey 2008; Mazen et al. 2010; Gu et al. 2013). Similar 
increase in dry biomass of Oryza sativa (Singh and Agrawal 2010a) and Vigna 
radiata (Singh and Agrawal 2010b) were reported when grown in soil amended with 
varying ratios of sewage sludge. Higher biomass of Phaseolus vulgaris (Gupta et al. 
2007) and Sesbania cannabina (Sinha and Gupta 2005) on application of fly ash up to 
25% in soil has also been reported.  In contrary, reduction in biomass of Beta vulgaris 
was reported when grown in soil amended with 40% sewage sludge (Singh and 
Agrawal 2007) or various fly ash (≥ 5%) levels (Singh et al. 2008). 
 Chlorophyll pigments (Chlorophyll-a and Chlorophyll-b) in plants play a 
unique role in the economy of the green cell. Chlorophyll contents are reliably used to 
estimate the effect of environmental stresses, because the pigment content is linked to 
the visible symptoms and plant productivity (Gupta and Sinha 2009). In the present 
study, the photosynthetic pigments (chlorophyll-a, chlorophyll-b) increased in 30 and 
60 days old mustard plants grown in soil amended either with 40% sewage sludge or 
fly ash (Figure 4.4A, 4.14A). But, increase in the pigment level on application of 40% 
fly ash was relatively lesser than on application of the same level of sewage sludge in 
soil. These findings are further strengthened by the studies of Verma and Verma 
(1995) and Singh and Sinha (2005), showing a higher chlorophyll content in the 
leaves of Phaseolus radiatus and Brassica juncea, respectively, when grown in soil 
with lower amendments of tannery sludge. Mazen et al. (2010) reported increase in 
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terms of photosynthetic pigments of wheat and Jews mallow plants grown in soil 
amended with varying levels of sewage sludge. The chlorophyll contents in cucumber 
increased on 10 - 50% fly ash application rates in soil (Ajaz and Tiyagi 2003).  
 The increase in chlorophyll content under sewage sludge and fly ash 
applications may be due to excess accumulation of essential elements like Cu, Fe, Mn, 
and Zn (Dwivedi et al. 2007) as both the solid wastes are rich in these elements. Zinc 
maintains the chlorophyll biosynthesis by protecting protochlorophyllide reductase 
and inhibiting oxidation of δ- aminolevulinic acid dehydratase (ALAD) required for 
producing porphobilinogen, the first precursor of chlorophyll (Bevan et al. 1980; 
Mysliwa- Kurdziel et al. 2004). Zinc also maintains functioning of PSI and PSII under 
heavy metal stress (Aravind and Prasad 2005). In both the solid wastes Mn, Fe and Cu 
are also present in addition to other mineral elements (Singh and Agrawal 2010a, 
Dwivedi et al. 2007). Manganese is required for photolysis of water, whereas Fe acts 
as a cofactor for photosynthetic electron transfer and Cu is a component of 
plastocyanin (Scholnick and Keren 2006). Thus, increase in chlorophyll biosynthesis 
along with proper functioning of photosystems and respiratory processes might have 
resulted in the better growth of the plants up to 40% sewage sludge or fly ash 
applications in soil. 
 The decrease in chlorophyll contents at higher applications of sewage sludge 
or fly ash may be due to excess accumulation of toxic metals in mustard plants as is 
evident from Figure 4.10A-4.10C and 4.20A-4.20C. Accumulation of heavy metals 
inhibits chlorophyll formation (Krupa and Baszynski 1995; Triapthi et al. 2004; 
Rivelli et al. 2012) due to their interaction with the functional –SH group of 
chlorophyll synthesizing enzyme (Chandra et al. 2009) or degradation of chlorophyll 
by the generation of free radicals (Pandey et al. 2010). The decrease in photosynthetic 
pigments has also been documented in plants treated with high concentrations of 
metals (Gallego et al. 1996; Rivelli et al. 2012). Metals potentially alter the 
photosynthesis rate by altering the structure of chloroplasts, inhibiting photosynthetic 
pigment and enzymes of Calvin cycle (Vazquez et al. 1987). High salinity caused by 
higher levels of chloride, sulphates, carbonates and bicarbonates present in fly ash 
reduce photosynthetic pigments (Singh and Siddiqui 2003). Singh and Sinha (2005) 
reported a decrease in chlorophyll content in the leaves of 90 days old Brassica 
juncea, when grown in soil amended with ≥ 35% tannery sludge ratios. Excessive 
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application of fly ash reduced the chlorophyll contents and caused stress to a number 
of plants (Sarangi et al. 1997; Kumar et al. 2002; Singh and Siddiqui 2003). 
 The carotenoid content increased in the leaves of selected mustard plants 
grown in soil amended either with 40% sewage sludge or fly ash (Figure 4.4B, 
4.14B). The carotenoids are the accessory photosynthetic pigments, acting as non-
enzymatic antioxidants and protect chlorophyll pigment by quenching the 
photodynamic reactions, replacing peroxidation and collapsing membrane in 
chloroplasts (Kenneth et al. 2000). The enhancement in carotenoid content may be 
due to the evolved ability of the plant to counter the toxic effect of free radicals 
generated under metal stress (Kenneth et al. 2000; Singh and Agrawal 2007). The 
decrease in chlorophyll content on applications of higher amounts of sewage sludge or 
fly ash may be ascribed to the decrease in carotenoid content under excessive heavy 
metal stress (Halliwell 1987). 
 Proline accumulation occurs in wide range of plant species thriving under 
environmental stresses of varying nature (Dar et al. 2016). The proline is also 
considered to have important protective roles in stressed plants (Alia et al. 1995; 
Sharma et al. 1998; Oncel et al. 2000, Rehman et al. 2014). In the present study, the 
applications of sewage sludge (10-70%) in soil enhanced the proline content in 
mustard leaves in proportion to the amounts of sewage sludge applied (Figure 4.5). 
Whereas, soil amendments with fly ash between 20% and 70% significantly increased 
the proline content (Figure 4.15). These findings indicate that relatively higher 
accumulation of heavy metals in the amended soil and their subsequent uptake in 
mustard plants (Figure 4.10A-4.10C, 4.20A-4.20C) may have affected the 
permeability of membranes, causing water deficit stress like condition leading to 
proline accumulation (Pesci and Reggiani 1992). Sharma et al. (1998) reported that 
the main functions of metal induced proline accumulation are associated with 
osmoregulation and enzyme protection against dehydration. Proline also plays 
important roles during stress as a metal chelator and an antioxidative defense 
molecule (Dar et al. 2016). Under the conditions of heavy metal stress, proline 
accumulation induces the formation of phytochelatins which chelate with metals and 
thus alleviating metal toxicity (De Knecht et al. 1994; Wang et al. 2009). The 
accumulation of proline in plants in response to toxic heavy metal exposures have 
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also been reported earlier by several authors (Alia et al. 1995; Sharma et al. 1998; 
Oncel et al. 2000). At 100% (T6) sewage sludge or fly ash, the proline content 
diminished to a level around the control (Figure 4.5, 4.15). This could be due to the 
degradation of enzymes of proline cycle at this application.  
 Plants are equipped with a range of mechanisms to counteract heavy metal 
toxicity. The main mechanisms adopted by plants to detoxify heavy metals are the 
production of low molecular weight proteins- phytochelatins and metallothioneins 
(Emamverdian et al. 2015). Cysteine, a thiol (-SH) containing amino acid, is a key 
constituent of both phytochelatins and metallothioneins (Emamverdian et al. 2015). 
The cysteine content increased consistently in the leaves of selected mustard plant 
grown in 5% to 40% sewage sludge or fly ash amended soils (Figure 4.6, 4.16), 
indicating the optimum level of resisting ability against the heavy metal toxicity. The 
cysteine content decreased in leaves of selected mustard plants grown in ≥ 70% 
sewage sludge or fly ash amended soil (Figure 4.6, 4.16). The results of the present 
study conform with the findings of Vadas and Ahner (2009) as the low levels of Cd in 
soil increased the cysteine content and high Cd levels decreased it in the tissues of 
Zea mays. The decrease in cysteine content in the plants on higher application rates of 
sewage sludge or fly ash may be due to decreased activities of enzymes responsible 
for cysteine biosynthesis in plants (Vadas and Ahner 2009). 
 The increase in total protein content in the leaves of selected mustard plants on 
application of sewage sludge or fly ash upto 40% (Figure 4.7, 4.17) might be another 
defense strategy of metal stressed plants to cope up with the toxicity (Kumar et al. 
2002; Triapthi et al. 2004). It appears that high metal accumulation in tissues of 
selected mustard plants might have triggered the synthesis of heavy metal detoxifying 
low molecular weight proteins like phytochelatins and metallothioneins 
(Emamverdian et al. 2015). It is further evident from the increase in cysteine content 
(Figure 4.6, 4.16). The cysteine containing proteins have higher affinity to bind with 
heavy metals and detoxify them (Cobbett and Goldsbrough 2002; Lee et al. 2003; 
Wang et al. 2009). The total protein content enhanced in Corchorus, Eruca, 
Raphanus, Daucus, Lactuca, Spinacia and Triticum grown in sewage sludge amended 
soils (Mazen et al. 2003, 2010). The total protein content also increased in Prosopis 
juliflora (Rai et al. 2004) and chick pea (Gupta et al. 2006) grown in fly ash amended 
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soils. Higher concentrations of sewage sludge or fly ash (≥ 70%) reduced the total 
protein content (Figure 4.7, 4.17) feasibly due to increased protease activities leading 
to break down of soluble proteins (Rai et al. 2003; Triapthi et al. 2004). Reduced 
nitrogen content at higher fly ash ratios (≥ 70%) might have disturbed amino acid 
metabolism and consequently protein synthesis.  
 The sugar content increased in the leaves of selected mustard plant grown in 
soil amended with (≤ 40%) sewage sludge or fly ash and decreased at higher 
application rates (≥ 70%; Figure 4.8, 4.18). The increase in sugar content in present 
study may be due to corresponding increase in chlorophyll contents (Figure 4.4A, 
4.14A), leading to higher photosynthetic activity. Singh and Sinha (2005) reported the 
similar results of sugar content in Brassica juncea plants grown in soil amended with 
various ratios of tannery sludge. Sugar contents were also higher in leaves of sweet 
potato grown in municipal sewage sludge amended soil (Antonious et al. 2011). The 
decrease in sugar content in the leaves of selected mustard plant at higher ratios of 
sewage sludge or fly ash (Figure 4.8, 4.18) may be due to inhibition in synthesis of 
photosynthetic by-products in plants (Singh and Sinha 2005) caused by reduced 
chlorophyll content (Figure 4.4A, 4.14A).  
 Application of sewage sludge and fly ash up to 40% level in soil increased the 
seed yield of selected plant (Table 4.2, 4.4). The increase was more pronounced under 
sewage sludge applications than under fly ash applications (Table 4.2, 4.4). The soil 
amendments with sewage sludge (6 kg m-2) significantly enhanced the seed yield of 
Lens culinaris medic cv. Sazar-91 (Yamur et al. 2005). The yield of Helianthus annus 
(Lavado 2006), Abelmoschus esculentus L. cv. Varsha uphar (Singh and Agrawal 
2009) and Oryza sativa (Singh and Agrawal 2010a) increased on application of 1.4 kg 
m-2, 2.51 kg m-2 and 12 kg m-2 sewage sludge, respectively. The application of sewage 
sludge also enhanced the yield of maize, amaranthus, cowpea and crossandra 
(Chitdeshwari et al. 2002). The rise in the productivity due to the sludge amendment 
in soil is attributed to the increase in nutrient availability to the plants (Singh and 
Agrawal 2007). But at higher doses of sewage sludge, the availability of the 
macronutrients was outplayed by the availability of heavy metals in the soil which 
caused reduction in the yield. The decrease in yield of the selected plant at higher 
applications of sewage sludge may also be ascribed to high uptake and accumulation 
of heavy metals in aerial parts of the plant (Figure 4.10A- 4.10C, 4.20A-4.20C). In 
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contrary to the present findings, Singh and Agrawal (2007) reported significant 
reduction in the yield of Beta vulgaris grown in soil amended with 40% sewage 
sludge. Increase in yield even at elevated accumulation of heavy metals in present 
study could be due to relatively higher tolerance of selected mustard cultivar to heavy 
metal stress. 
 Enhanced yield at lower fly ash doses has been reported earlier in many plants 
including Oryza sativa, Lactuca sativa, Triticum aestivum and Arachis hypogaea 
(Sikka and Kansal 1995; Srivastava et al. 1995; Kuchanwar and Matte 1996; Singh 
and Siddiqui 2003; Dwivedi et al. 2007). Several studies in the past showed that the 
addition of fly ash up to 40% level in agricultural soil was beneficial for better yield 
of crops, but higher amounts affected the yield adversely (Srivastava et al. 1995; 
Kalra et al. 1998; Khan and Khan 1996; Singh and Siddiqui 2003) due to increase in 
salinity caused by higher levels of sulfate, chloride, carbonate and bicarbonate and 
severe deficiency of nitrogen (Singh and Siddiqui 2003). 
 Harvest index (HI) of selected mustard crop increased on application of 20 and 
40% sewage sludge in soil (Table 4.2, 4.4). At higher ratios (≥ 70%) of sewage sludge 
or fly ash applications, the reduced HI corresponded with decrease in chlorophyll and 
carotenoid contents and higher accumulation of heavy metals as recorded in the 
present study (Table 4.2, 4.4, Figure 4.4A, 4.4B, 4.14A, 4.14B, 4.10A-4.10C, 4.20A-
4.20C). Togay et al. (2008) reported over 40% increase in HI of Phaseolus vulgaris 
grown at 6 kg m-2 sewage sludge application.  
5.3. Biotransfer of cadmium, lead and zinc in the soil-plant-arthropod food chain 
5.3.1. Soil to mustard transfer 
 Heavy metals taken up by roots from the soil can be transported from below 
ground to above ground tissues in stem, leaves, flowers, fruits and seeds. The transfer 
coefficient denotes the relative ability of plant organs to accumulate heavy metals and 
trend of uptake along the food chain. The transfer coefficient is the ratio of 
concentration of any substance at the receiving level to the concentration of this 
substance at the source level. The degree of retention of heavy metals in roots and 
their upward translocation varies with the species of plant, nature of metal and 
environmental conditions (Weis and Weis 2004). The higher zinc concentrations in 
roots led to the translocation of proportionate amounts of this metal from root to the 
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shoot as is evident from correlation coefficients (Figure 4.26B, 4.35B). In the present 
study, zinc concentrations in root and shoot tissues of mustard were relatively higher 
when plants were grown in sewage sludge or fly ash amended soils (Figure 4.25, 4.34, 
4.41).  
  It has been reported earlier that multiple transport systems are involved in Zn 
uptake by roots (Verbruggen et al. 2009). ZRT1/IRT1-like proteins are well 
characterised transporters that play a role in the trans-membrane uptake of Zn2+ by 
root cells (Kramer et al. 2007). Further movement of Zn from root to shoot is 
facilitated by proteins of ZIP (SLC39) and CDF/ZnT (SLC30) families (Verbruggen 
et al. 2009; Figure 2.3). Thus in our study, the higher transfer coefficients of Zn from 
soil to root and from root to shoot (Table 4.8, 4.14, 4.20) can be explained by the 
presence of specific uptake mechanisms for this essential metal, which are lacking for 
non-essential elements (Dar et al. 2015a, 2015b). 
 The interaction between Zn and Cd in the biological system is likely to be 
similar (Singh and Fulekar 2012), which results in Cd transport by the members of the 
ZIP family transporters (Kramer et al. 2007). There is also indirect evidence that Cd2+ 
makes entry into plant cells via Ca2+ uptake channels (Perfus-Barbeoch et al. 2002). 
The biochemical similarity of Cd and Zn (Singh and Fulekar 2012) was reflected in a 
similar pattern of accumulation in the roots and translocation to the shoots. Cadmium 
accumulation increased in the roots of mustard with proportions of sewage sludge or 
fly ash added in the soil and eventually its translocation to the shoot also increased 
(Figure 4.21, 4.30, Table 4.6, 4.12).  
 In the present study, Pb had the lowest soil to root transfer coefficient than 
other two heavy metals studied (Table 4.6-4.8, 4.12-4.14). Lead is a non-essential 
element and plants do not possess specific transport mechanisms for its uptake (Dar et 
al. 2015b). Monferan and Wunderlin (2013) suggested that Pb present in the soil 
solution is adsorbed on root surface and penetrates the root system passively, but 
Pourrut et al. (2013) postulated that ZIP and CDF transporters may play role in the 
active transport of Pb. Whatever the mechanism, plants clearly have a restricted 
ability to take up Pb compared to both Cd and Zn (Dar et al. 2015a). In the present 
investigation, the subsequent translocation of Pb from mustard root to shoot was also 
relatively more restricted than those of Cd and Zn under sewage sludge or fly ash 
Discussion 
 
133 
 
applications (Table 4.6-4.8, 4.12-4.14). The transfer of Pb from root to shoot 
contrasted to Cd and Zn. The transfer coefficients of Pb from root to shoot decreased 
as sludge or fly ash amendment level increased in soil (Table 4.7, 4.13). Karak et al. 
(2013) also found that the majority of Pb accumulated in roots of Indian mustard 
(Brassica juncea) and the root-shoot barrier effectively restricted Pb transfer within 
the plant. The Pb for its greater affinity with carboxyl groups and pectins within the 
cell wall is retained in the roots (Qiao et al. 2015). Other processes such as 
accumulation in plasma membranes (Islam et al. 2007), precipitation of insoluble Pb 
salts in intercellular spaces (Malecka et al. 2008) and sequestration in the vacuoles of 
rhizodermal and cortical cells (Pourrut et al. 2013) also contribute to Pb retention in 
roots.  
 In the present study, higher re-amendment levels of fly ash in soil-sludge 
mixture significantly decreased the Cd and Zn concentrations in roots of mustard 
plants and eventually in their shoots, while the Pb concentrations in shoots did not 
show any significant change (Figure 4.39- 4.41). This indicated that additions of 
certain quantities of fly ash could reduce the phytoavailability of Cd and Zn in the 
sludge amended soil. The significant decrease in the phytoavailibility of Cd, Cu, Mn, 
Ni and Zn in sewage sludge stabilized by fly ash was reported by Su and Wong 
(2003) and Xu et al. (2012). The combined use of fly ash and sewage sludge reduce 
the pollution potential of sewage sludge. The alkaline coal fly ash containing a large 
proportion of CaO, acts as a stabilizing agent of sewage sludge (Samaras et al. 2008) 
and thereby reduce heavy metal availability (Wong 1995; Wong and Lai 1996; Jiang 
et al. 1999). Due to their contrasting physical and chemical properties and nutrient 
contents, land application of the mixture of both fly ash and sewage sludge improves 
the soil quality (Sajwan et al. 2003). Fly ash has high pH value and can substitute lime 
in reducing sewage sludge acidity when applied for eco-remediation at mining areas 
(Zhang et al. 2008). 
  Cadmium, lead and zinc concentrations in mustard shoots displayed a sigmoid 
curve with plateau response at higher levels of sewage sludge despite higher metal 
loadings in soil (Figure 4.10A-4.10C). The curve of heavy metals concentration (Cd, 
Pb and Zn) had a linear relationship with the amounts of fly ash applied in soil (Figure 
4.20A-4.20C). According to the “plateau effect”, the rate of metals uptake decreases 
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as the biosolids-applied metals concentration in soils increase beyond a certain limit 
(US EPA 1993). Several scientists (Barbarick et al. 1995; Logan et al. 1997; Brown et 
al. 1998) have reported that heavy metals uptake in wheat, corn and several vegetables 
reach a maximum with biosolids application rate. McBride (1995) suggested that 
certain plant mechanisms render the decrease in uptake at high metal loadings. These 
mechanisms include exclusion of metals, limited translocation from root to shoot and 
saturation of the metal transport channels at high metal concentrations (Hamon et al. 
1995). Chaney and Ryan (1993) reported that higher rates of biosolids application 
increased metal adsorption capacity of soil in addition to metal concentration. As a 
result, the metal availability is levelled off at high biosolids application rate 
(Christensen and Tjell 1984). 
5.3.2. Mustard shoot to aphid transfer 
 The cadmium contents were high in the bodies of aphids (Lipaphis erysimi) 
feeding on shoots (stem and leaves) of mustard plants treated with sewage sludge 
and/or fly ash as compared to their respective controls (Figure 4.21, 4.30, 4.39). In 
past, the uptake of Cd in some aphid species fed on a variety of plants grown in 
sewage sludge contaminated soil has been reported (Merrington et al. 1997a, 1997b; 
Winder et al. 1999; Green et al. 2003, 2010). But, the level of Cd uptake in these 
studies remained well below the uptake level of Cd found in the present investigation. 
In the present study, the Cd transfer coefficients between mustard shoot and aphid 
were greater than one in all fly ash amendment levels in soil, indicating that Cd 
biomagnified in aphid bodies (Table 4.12). Cadmium biomagnification in aphids has 
also been reported by several other workers (Crawford et al. 1995; Merrington et al. 
1997b; Green et al. 2003; Alonso et al. 2009). The cadmium also biomagnified in 
mustard aphids when fed on shoots of mustard grown in control soil or in soil 
amended with 5% level of sewage sludge and biominimized at higher sewage sludge 
application rates (Table 4.6). A similar pattern of transfer coefficients between shoot 
and the aphid (Sitobion avenae) from a sewage sludge contaminated food chain was 
found by Green et al. (2010). Limited feeding of aphids on the mustard shoots of 
higher sewage sludge levels may be the reason accounting for low accumulation rates 
of Cd in aphids (Jamil et al. 1995). The deterrence in feeding of aphids may be due to 
the higher levels of heavy metals accumulated in the shoots of mustard plants grown 
in higher ratios of sewage sludge amended soil (Figure 4.21-4.23).  
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 On entering the midgut epithelia cells of arthropods, heavy metals are turned 
metabolically inactive by binding with metallothioneins (Hopkin 1989; Hopkin 1990; 
Zhou et al. 2015a, 2015b). This metallothionein-heavy metal complex becomes 
insoluble by getting incorporated into granules formed by the lysosomes of the cell 
(Hopkin1989, 1990; Luoma and Rainbow 2008), which results in accumulation of 
heavy metals in the midgut and preventing them to enter the soma (entire body) of the 
organism (Maroni and Watson 1985; Lindqvist et al. 1995; Vandenbulcke et al. 
1998). These granules are either excreted or retained for whole life (Hare 1992). 
Organisms that retain these granules, accumulate and thus biomagnify heavy metals 
(Dallenger 1993; Zhou et al. 2015a). In contrary, species which excrete these 
granules, could not accumulate heavy metals to such an extent. Thus, the 
accumulation of metals by arthropods is essentially related to the uptake, export and 
excretion processes occurring within their midgut (Green and Walmsley 2013). 
Cadmium is mainly complexed with soluble proteins (metallothioneins), because Cd 
ions have a high affinity for the sulfydryl (SH) group in cysteine residues (Zalups and 
Ahmad 2003; Roosens et al. 2005). The biomagnification of Cd by mustard aphids at 
lower levels of sewage sludge and all levels of fly ash applications in the present 
study (Table 4.6, 4.12) suggests that they use a storage-detoxification mechanism(s). 
The biomagnification of Cd reported by other workers (Crawford et al. 1995; 
Merrington et al. 1997b) also affirm that similar mechanisms also operate in other 
aphid species for this metal. The organism has a limited capacity to store heavy metals 
through this mechanism. When the metal accumulation exceeds this capacity, the 
organism is unable to detoxify adequately any further assimilation of heavy metal 
(Calhoa et al. 2011). Thus, as a consequence of this detoxification pathway in 
organisms, Cd could reach high concentrations before any marked toxicity (Nolan et 
al. 2003; Calhoa et al. 2011). 
 The amounts of heavy metals eliminated by mustard aphids with honeydew 
consistently increased with the concentration of heavy metals in aphid bodies (Table 
4.9, 4.15, 4.21). The higher concentrations of Cd, Pb and Zn in aphid honeydew 
appeared to be an important pathway for heavy metals elimination. In present study, 
Cd was more efficiently eliminated through the honeydew than Pb and Zn. Efficient 
elimination of Cd with honeydew by mustard aphid (Lipaphis erysimi) in present 
study might have proportionally contributed to the low Cd accumulation in aphid 
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bodies particularly at higher levels of sewage sludge or fly ash applications in soil. 
Thus, aphids appeared to be able to partially regulate Cd accumulation via the 
excretion of this metal with honeydew. In contrary, Crawford et al. (1995) found that 
aphids (Aphis fabae) had no such evolved mechanism to eliminate cadmium with 
honeydew. Green et al. (2006) also opined that Cd concentration in the shoot 
determines the Cd concentration in aphids (Sitobion avenae). The findings of the 
present study and those of Crawford et al. (1995) and Green et al. (2006) suggest that 
regulation of Cd by this mechanism vary with aphid species. 
 In the present investigation, Pb was the only heavy metal which did not 
biomagnify in aphids in any level of soil amendment with sewage sludge or fly ash 
(Table 4.7, 4.13, 4.19). Similar results for Pb accumulation have been previously 
reported for various species of grasshoppers (Devkota and Schimidt 2000; Zhang et 
al. 2012), silk worm Bombyx mori (Zhou et al. 2015a) and aphid Rhopalosiphum 
nymphaea (Cowgill 1973). Like cadmium, the lead excretion via honeydew of aphids 
fed on sludge or fly ash treated mustard plants was in proportion to the level of solid 
wastes added in the soil (Table 4.9, 4.15). It is pertinent to mention here that excretion 
of Pb with honeydew was linearly related with the level of accumulation of this metal 
in aphid bodies irrespective of various soil amendments (Figure 4.27B, 4.36B). These 
findings suggest that aphids might have regulated the Pb concentrations in their 
bodies by eliminating this metal via honeydew.    
 In the present study, only zinc biomagnified in the selected species of aphids 
(L. erysimi) nurtured on shoots of mustard plants of experiment 3, 4 and 5 conducted 
on variously amended soils (Table 4.8, 4.14, 4.20). Zinc being an essential 
micronutrient, is absorbed by the roots and conducted acropetally through the xylem 
channel (Lasat et al. 1998; Rascio and Navari-Izzo 2011). The Zn is metabolised and 
unloaded into the phloem channel (Riesen and Feller 2005). Because aphids feed 
directly on the phloem sap (Dixon 2005), the readily available Zn in phloem is 
directly consumed by phloem sucking aphids in higher amounts. It is further evident 
from the correlation and the linear regression between amounts of Zn accumulated in 
mustard shoots and in aphids feeding on them (Figure 4.26C, 4.35C). In earlier 
findings, excess Zn accumulation was recorded in aphid (Drepanosiphum platanoids) 
fed on shoots of Acer pseudoplatanus plants (Sinnett et al. 2010). Ingestion of Zn 
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does not always induce metallothionein synthesis (Maroni and Watson 1985; 
Sterenborg et al. 2003) to bind with it and remain localized in the gut (Lindqvist et al. 
1995). Sometimes, Zn is bound to smaller peptides (Sterenborg et al. 2003) and 
circulate in other tissues of the bodies of arthropods (Lindqvist et al. 1995). The 
detoxification mechanism for Zn may, therefore differ from Cd, possibly due to its 
status as an essential element (Green 2003). Thus, the aphids may have also evolved a 
long term Zn accumulation mechanism in their bodies. 
 The accumulation of zinc in aphids did not increase proportionately when they 
fed on high amounts of metal (Cd, Pb and Zn) accumulating shoots of mustard 
(Figure 4.25, 4.34, 4.41). The transfer coefficients of Zn from shoot to aphid 
decreased with increase in levels of sewage sludge or fly ash additions in soil (Table 
4.8, 4.14). The excreted Zn concentration in honeydew did not conform with the Zn 
concentration levels within aphids (Figure 4.25, 4.34, Table 4.8, 4.14) suggesting that 
excretion of this metal with honeydew was not the only regulatory mechanism. The 
reduction in transfer coefficients of Zn between mustard shoots and aphids feeding on 
them, may possibly be due to deterrence of aphids feeding on excessive heavy metal 
accumulating shoots of mustard plants treated with higher levels of sewage sludge or 
fly ash as was also concluded earlier by Jamil et al. (1995). The combination of metals 
exacerbates toxicity through joint effects and acts as defense arsenal against herbivory 
(Kazemi-Dinan 2014). The combination of Cd and Zn had an additive toxic effect 
even at the lowest applied concentrations of 2 mg Cd kg-1 and 100 mg Zn kg-1 soil 
(Kazemi-Dinan 2014).  
5.3.3. Aphid to beetle transfer 
 The transfer coefficients of cadmium between aphids and newly emerged adult 
beetles (Coccinella septempunctata) were always less than one in all experiments on 
soil amendments (Table 4.6, 4.12, 4.18). The cadmium was biominimized in 
predatory beetles at third trophic level when fed on Cd accumulating aphids. Efficient 
regulation of Cd by predatory beetles even at high soil amendments with sewage 
sludge or fly ash, led them maintain low Cd concentrations in their bodies (Janssen et 
al. 1991; Scheifler et al. 2002). These data reinforce previous studies (Janssen et al. 
1991; Laskowski and Maryanski 1993) indicating that transfer of metals in food 
chains should not be considered only as the storage forms (i.e., bioavailability) of 
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metals in preys but also the physiology of the predator (Scheifler et al. 2002). The 
transfer coefficients of cadmium between aphid and predatory beetle remained almost 
similar when soil was amended with varying levels of sewage sludge or fly ash or 
sewage sludge-fly ash mixtures (Table 4.6, 4.12, 4.18). The percent of Cd burden lost 
through the larval exuviae decreased with the increase in sewage sludge application 
rates in soil (Table 4.9). The amounts of Cd lost via pupal exuviae were linearly 
correlated with the Cd accumulation in pupa in experiment 3 and 4 (Figure 4.27D, 
4.36D). The percent of Cd burden lost through the larval exuviae of beetles increased 
with the fly ash application rates in soil (Table 4.15). It may be inferred that the loss 
of Cd through pupal exuviae was an effective mechanism to biominimize the Cd body 
burden at the larval stage of predatory beetles. 
 The transfer coefficient of Pb at first two trophic levels (soil to plant and plant 
to aphid) was relatively lesser than the transfer coefficients of Cd and Zn (Table 4.7, 
4.13). But, the transfer coefficients of Pb at third trophic level (aphid to predatory 
beetle) were higher than the transfer coefficients of Cd (Table 4.6, 4.7, 4.12, 4.13). 
The percent sequestration of Pb in the pupal exuviae was relatively lesser than the 
percent sequestration of Cd in pupal exuviae. These findings indicate that parts of Pb 
accumulated in those tissues which were not lost during metamorphosis i.e., tissues 
wthin the soma. The higher transfer coefficients of Pb than Cd from aphid to adult 
beetle may be due to relatively lesser loss of Pb via pupal exuviae during 
metamorphosis which eventually resulted in the retention of Pb in the adult predatory 
beetles. 
 The lead transfer from aphids to adult beetles increased with levels of sludge 
or fly ash applied in the soil (Figure 4.23, 4.32). The lead concentration in beetles was 
also positively correlated with Pb concentrations in their diets (aphids; Figure 4.24D, 
4.33D). Re-amendments of soil-sludge mixtures with varying levels of fly ash had not 
any statistically significant impact on the transfer of Pb from aphids to adult beetles 
(Figure 4.40). Because, the phytoavailable (DTPA extractable) fraction of Pb in soil-
sludge mixtures was not altered on additions of fly ash (Table 4.17).  
 The zinc accumulation in newly emerged adult beetles increased with the 
concentration of zinc in their diets i.e., aphids (Figure 4.25, 4.34, 4.41) as evident 
from the correlation coefficients (Figure 4.26 D, 4.35 D). Zinc in adult beetles was 
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biomagnified (transfer coefficient  > 1) at lower levels of sewage sludge application 
rates in soil and at all levels of fly ash applications (Table 4.8, 4.14). The transfer 
coefficients of Zn above one between aphids and predatory beetles at lower levels of 
soil amendments with sewage sludge suggest that because of the essential metabolic 
requirement of Zn, the beetles have evolved greater retention ability for this metal to 
maintain homeostatic supply in case of scarcity (Calhoa et al. 2011; Green and 
Walmsley 2013). But, the decreasing transfer coefficients of Zn between aphids and 
predatory beetles on higher sewage sludge application rates suggest that there was 
only a partial regulation of Zn by the predatory beetles.  
 The essential metals are usually not biomagnified as their internal 
concentrations are tightly regulated in arthropods than non-essential metals 
(Laskowski 1991; Crawford et al. 1995; Wilczek and Migula 1996; Heikens et al. 
2001; Maryanski et al. 2002). In contrary, Zn in the present study biomagnified in 
aphids and predatory beetles (ladybirds), whereas Cd and Pb (non-essential and toxic 
metals), did not biomagnify in both aphids and predatory beetles. Sequestration of Zn 
in the pupal exuviae appeared to be an inadequate mechanism to exclude Zn from 
adult beetle as the proportion of Zn lost in the exuviae did not differ among treatments 
(Table 4.9, 4.15, 4.21) as was also established in an earlier study of Green et al. 
(2003) showing that Zn sequestration in pupal exuviae of beetle had statistically no 
significant effect on the Zn concentration retained in newly emerged adults. 
Consequently, the regulation of Zn probably occurred at the larval stage of predatory 
beetles feasibly by excreting this metal via the faeces (Dar et al. 2015a). 
5.4. Effects on aphids and newly emerged adult beetles  
 The biomass of aphids significantly (p < 0.05) reduced when fed on plants 
grown in soil amended with 40% and 50% sewage sludge ratios (Table 4.10, 4.22). 
This shows that higher levels of sewage sludge applications in soil had detrimental 
effects on aphids. In an earlier report, the fecundity of the rose-grain aphid 
(Metopolophium dirhodum) reduced on application of 100 t ha-1 sewage sludge 
(Green 2003). Culliney and Pimentel (1986) also found reduction in the fecundity of 
green peach aphids (Myzus persicae) feeding on Brassica oleracea grown in soil 
amended with high amounts (224 t ha-1) of contaminated sewage sludge. Relatively 
less contaminated sewage sludge applied at the same rate (224 t ha-1) did not affect the 
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fecundity of green peach aphid, suggesting that the contaminant(s) in the sludge were 
responsible for the loss of aphid biomass. The loss of dry weight in aphids may be due 
to reduced phloem sucking by aphids on plants grown in soil with higher levels (40% 
and 50%) of sewage sludge. The toxicities caused by higher amounts of accumulating 
heavy metals in aphid bodies could possibly be another reason for the reduction in dry 
weight. Higher levels of developmental instability were found in cabbage aphid 
(Brevicoryne brassicae) reared on heavy metal (Cd Cu, Pb and Zn) contaminated host 
plants (Gorur 2007, 2009). The Cd inhibited the survival and reproduction of Sitobion 
avenae feeding on wheat plants (Gao et al. 2012). A similar chronic toxic effect was 
reported by Laskowski (2001) in pea aphids (Acyrthosiphon pisum) feeding on broad 
beans contaminated with 200 mg Cd kg-1 soil. Minor sub-lethal effects were found in 
black bean aphids (Aphis fabae) accumulating 30 mg Cd kg-1 dry weight (Crawford et 
al. 1995). In contrary, the phloem-feeding aphids (Myzus persicae) were unaffected 
when Brassica juncea plants were grown in soil contaminated with 30 mg kg-1 soil 
(Konopka et al. 2013). Similarly, Alonso et al. (2009) did not find any effect on the 
dry weight of aphid (Rhopalosiphum padi) even after the accumulation of Cd over 10 
mg kg-1 dry weight in their bodies. No reduction in the fresh mass was found in aphid 
(Sitobion avenae) accumulating 250 mg Zn kg-1 dry weight (Green and Tibbett 2001), 
almost equal amounts of Zn accumulation recorded in the affected mustard aphids in 
present study (Figure 4.25, 4.41). These marked differences between the results of 
present study and some earlier studies indicate that the toxicity of any given heavy 
metal in food chain may differ markedly between species with close taxonomic 
relationships (Crommentuijn et al. 1995). 
 The consumption of aphids by fourth instar beetle larvae declined significantly 
(p < 0.05) on higher application rates (40% and 50%) of sewage sludge (Figure 4.28, 
4.42). But, all selected levels of soil amendments with either fly ash or sewage 
sludge-fly ash mixtures did not have any impact on the consumption of aphids by 
predatory beetle larvae (Figure 4.37, 4.42). The aphids reared on sewage sludge 
treated plants accumulated relatively higher amounts of all the three selected metals as 
compared to those reared on fly ash treated mustard plants. The reduction in 
consumption of aphids (reared on plants grown in soil with 40% and 50% sewage 
sludge ratios) by predatory beetles appears to be due to the accumulation of higher 
amounts of heavy metals in aphid bodies. High amounts of accumulated metals in 
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aphids might have reduced their palatability and hence their consumption by beetle 
larvae. Xie et al. (2014) found that predation of Aphis medicaginis by Harmonia 
axyridis reduced at 100 and 150 mg kg-1 Zn2+ concentrations in the soil in which the 
host plants (Vicia faba) were grown.  
 Significant (p < 0.05) reduction in fresh and dry mass of newly emerged adult 
beetle at higher application rates of sewage sludge (Table 4.10, 4.22) may be either 
due to the restricted feeding and subsequent malnutrition or due to direct toxic effects 
of high amounts of accumulated heavy metals. Weight of adult hemipteran predator 
(Podisus maculiventris) significantly reduced when raised on herbivores (Spodoptera 
exigua) reared on diets amended with the minimum lethal concentration (MLC) of Cu 
or Zn (Cheruiyot et al. 2013). In contrary, sewage sludge amendments in soil had no 
statistically significant effect on the dry weight of newly emerged adult ladybirds 
(Green et al. 2003).  In the present study, accumulation of heavy metals in predatory 
beetles (ladybirds) was several times higher than that found in the previous study 
(Green et al. 2003). This could be the reason of contradiction between the results of 
present study and those of Green et al. (2003).  
 The accumulation of Cd and Pb and biomagnification of Zn in newly emerged 
adult beetles did not have any lethal effect on them in present study. But, significant 
reduction of beetle biomass indicates that the sub-lethal effects did occur at higher 
accumulation levels of heavy metals. The arthropods have a limited capacity to store 
detoxified heavy metals (Crommentuijn et al. 1995). Beyond this capacity, the 
effective detoxification of heavy metals in arthropods becomes impossible and with a 
short increase in the internal concentration of heavy metals in arthropods, toxic effects 
can become more evident and sub- lethal effects can turn into lethal ones (Hopkin 
1990; Crommentuijn et al. 1995). 
5.5. Conclusions 
 In the present study, additions of either sewage sludge (≥ 10%) or fly ash (≥ 
10%) in soil changed its quality and chemical composition adversely. Their 
applications in soil also increased cadmium, lead and zinc concentrations. The soil 
amendments with sewage sludge or fly ash upto 40% level was beneficial for the 
growth of the selected cultivar of mustard. The growth performance was relatively 
better on application of sewage sludge than fly ash. Sewage sludge or fly ash 
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applications in higher amounts (≥ 70%) were toxic for the photosynthetic pigments, 
protein and sugar contents and overall plant growth (root length, shoot length, leaf 
number, leaf area, plant biomass).  
 As evident from the literature review, the essential element zinc and non 
essential element cadmium have resemblance in their chemical properties but, their 
transport and fate differed in the soil – plant– aphid – beetle (ladybird) food chain 
studied. The uptake of cadmium from soil to mustard root increased with the increase 
in cadmium level due to sewage sludge or fly ash applications. But, root to shoot 
translocation of cadmium was relatively restricted. The root system may have some 
evolved mechanism to restrict Cd translocation from root to shoot. The cadmium was 
further biominimized at herbivore (aphid) level in experiments on applications of both 
solid wastes in the soil. The honeydew was the most effective pathway of cadmium 
elimination at the second trophic level. There was no biomagnification of cadmium in 
adult beetles at third trophic level due to lesser concentration of cadmium in its prey 
(aphids) as well as effective elimination mechanism via pupal exuviae in both the 
types of solid waste treatments. 
 The transfer of essential element zinc from soil to mustard roots was much 
greater than the transfer of non essential elements (cadmium and lead). Further, the 
zinc was actively transferred to shoot and upto third trophic level as compared to the 
non essential elements (Cd and Pb). In the soil – plant – aphid – beetle food chain, the 
zinc biomagnified in aphids at second trophic level and in predatory beetles at third 
trophic level. The order of accumulation of Cd, Pb and Zn (in terms of transfer 
coefficients) at first and second trophic levels (mustard and aphids, respectively) was 
Zn > Cd > Pb. The effective elimination of Cd at second trophic level via honeydew 
and pupal exuviae at third trophic level changed the order of accumulation in adult 
beetles as Zn > Pb > Cd. The excretion of Pb via honeydew and pupal exuviae was 
lesser than Cd. Eventually the Pb was also partitioned to tissues of adult beetles not 
lost during metamorphosis. In experiment on fly ash, the predation of beetle larvae on 
aphids remained unaffected. The statistically consistent biomass of beetles indicated 
that all levels of soil amendments with fly ash did not have any lethal or sub-lethal 
effects on predatory beetles. The application of 40% sewage sludge in soil reduced the 
predation rate of beetle larvae and resulted in sub-lethal effects in terms of biomass 
reduction. This indicates that the aphids in the selected food chain used excess 
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accumulation of heavy metals as lethal defensive arsenal against their predators i.e., 
beetles. 
 The present investigation highlights the gap of lack of understanding regarding 
the availability of potential toxic heavy metals within the agroecosystem and 
perceived that an exposure pathway of Cd, Pb and Zn from soils amended with 
sewage sludge and fly ash to predatory insects exists. Information regarding the tri-
trophic transfer of heavy metals along the soil-mustard-aphid-beetle food chain may 
be of significant importance for the sustainable phytoremediation projects using metal 
accumulating plants like Brassica juncea for contaminated soils. A precautionary 
approach to soil metal loading rates should be taken to keep at minimum the transfer 
of toxic metals to higher trophic levels, when applying sewage sludge or fly ash in 
soils. The stabilization of soil-sewage sludge mixture with additions of fly ash proved 
beneficial in terms of levels of uptake of Cd and Zn, indicating that a rational 
combination of sewage sludge and fly ash application in soil may minimise the threat 
caused by toxic metals in food chains. The sewage sludge and fly ash contains several 
heavy metals other than Cd, Pb and Zn. The future experiments may be focussed on 
uptake and accumulation of Cu, Ni and other heavy metals present in these solid 
waste contaminants. The in-vivo experiments with a given contaminants and their 
combinations may establish the role and effect of these toxicants on organisms of 
number of other food chains.  
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6. SUMMARY 
 In the present work, the biotransfer of cadmium, lead and zinc from sewage 
sludge and fly ash has been studied along mustard – aphid – beetle food chain. The 
high concentrations of these metals are harmful for the growth and development of 
plants. These potential toxicants are abundantly present in sewage sludge and fly ash 
often used in agricultural practices as manure. These metals are readily absorbed by 
plants and get accumulated along the food chain. The major objectives of the present 
study were: 
1. To screen out the amount of sewage sludge required for optimum growth 
of the selected mustard plant.  
2. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from sewage sludge amended soil in mustard-aphid-beetle food chain. 
3. To screen out the amount of fly ash required for optimum growth of the 
selected mustard plant.  
4. To examine the extent of accumulation and biotransfer of Cd, Pb and Zn 
from fly ash amended soil in mustard-aphid-beetle food chain. 
5. To determine the extent of accumulation and biotransfer of Cd, Pb and Zn 
in mustard-aphid-beetle food chain from soil- sludge- fly ash complex.  
 In order to achieve these objectives, five experiments were conducted. In first 
and second experiments, the quantity of sewage sludge and fly ash to which the 
selected mustard plant (Brassica juncea L. cv. Alankar) was resistant and performed 
better growth and yield, was determined. In third and fourth experiments, the selected 
plant was grown in soil mixtures with 5%, 10%, 20% and 40% (w/w) of sewage 
sludge and fly ash, respectively (the range of plant resistance as determined in 
Experiment 1 and 2). The aphids (Lipaphis erysimi) were fed for three weeks on the 
shoots of these mustard plants under controlled conditions and the biotransfer and 
accumulation of three selected heavy metals (Cd, Pb and Zn) were examined. These 
aphids were then fed to fourth instar larvae of predatory beetles (Coccinella 
septempunctata) at third trophic level. The extent of heavy metal elimination at 
second and third trophic levels via honeydew and pupal exuviae, respectively, were 
also examined. In fifth experiment, the varying concentrations of fly ash were added 
to stabilize soil-sludge mixtures and resultant variations in uptake of selected heavy 
metals along the mustard-aphid-beetle food chain were studied. 
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 In Experiment 1 and 2, the pH of the fly ash, garden soil and sewage sludge 
were in the decreasing order of potential as fly ash > garden soil > sewage sludge. 
Separate applications of 10-40% sewage sludge and fly ash in garden soil enhanced 
the vegetative and reproductive growth of the selected cultivar of mustard. The higher 
amounts of these solid wastes (≥ 70%) increased uptake of selected heavy metals in 
shoots, but reduced the plant growth. The accumulation of cadmium, lead and zinc 
also increased significantly in mustard shoots on application of 40% of the solid 
wastes in the soil without adversely affecting the plant growth. 
 In Experiment 3, the pH of amended soil decreased in proportion to the 
amount of sewage sludge added in it. The concentrations of cadmium, lead and zinc 
increased significantly on addition of (10-40%) sewage sludge in the soil. So was the 
trend of the accumulation of cadmium, lead and zinc in the roots, shoots, aphids and 
adult beetles (ladybirds). The correlation coefficients were strong and positive 
between metal (Cd, Pb and Zn) uptake in the mustard roots and their extractable 
concentrations in the soil. Very strong and positive correlations were determined 
between concentrations of these metals in shoots and in roots. Strong and positive 
correlations existed between metal concentrations in aphids and concentrations in 
their diets (shoots). The concentrations of cadmium, lead and zinc in predatory beetle 
had a strong degree of dependence (R2) on concentration in their prey (aphids). To 
examine the biomagnification of these heavy metals along the food chain, the transfer 
coefficients were determined at varying trophic levels. With some exceptions, both 
the non-essential metals (Cd and Pb) did not biomagnify along the food chain. 
Whereas, the zinc- an essential element, biomagnified in aphids at second trophic 
level when fed on shoots of mustard grown in sewage sludge amended soil. But the 
level of biomagnification of Zn in aphids decreased with the increase in the sewage 
sludge application rates. The magnitude of transfer coefficients of Cd and Pb 
decreased with the increase in the sewage sludge application rates. The aphids 
excreted Cd, Pb and Zn with honeydew in proportions to their concentrations in aphid 
bodies. Elimination of Cd and Pb with honeydew was relatively more efficient than 
Zn.  
 In Experiment 4, the additions of fly ash in soil increased the pH 
proportionately in resultant mixtures. The soil nitrogen contents reduced consistently 
with the increase in amounts of fly ash added in the soil. The concentrations of Cd, Pb 
and Zn also increased with the amounts of fly ash applied in the soil. The amounts of 
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extractable Cd, Pb and Zn were relatively lesser in the soil samples amended with fly 
ash than of sewage sludge (Experiment 3). Unlike in third experiment with sewage 
sludge, the application of fly ash in this experiment led to biomagnification of Cd at 
second trophic level and Zn at second and third trophic levels. The magnitude of 
biomagnification of Zn at third trophic level in predatory beetles was relatively lesser 
than at second trophic level (in terms of transfer coefficients) in experiment 4 with 
varying concentration of fly ash. 
 In Experiment 5, the applications of fly ash in soil-sludge mixtures stabilized 
the pH of the resultant mixture to some degree. The overall concentrations of Cd and 
Zn decreased on fly ash additions in soil-sludge mixtures. The uptake of both these 
metals (Cd, Zn) also decreased in aphids and predatory beetles on applications of 10% 
and 20% fly ash in soil-sludge mixtures. But, the stabilization of soil-sludge mixture 
with the addition of varying levels of fly ash was relatively less efficient in 
minimising the lead uptake along the food chain.  
 It may be inferred from these findings that addition of alkaline fly ash in acidic 
sewage sludge may stabilize the pH of resultant mixture and can also minimise the 
uptake of heavy metals along the food chain studied. More detailed experiments are 
warranted to find out the fate of uptake and accumulation of heavy metals in several 
other food chains on varying crops and cultivars. 
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Appendices 
 
I 
 
APPENDIX 1 
Details of weight/weight mixing of soil, sewage sludge and fly ash for 
Experiment 1 to 5. 
 
 
 
Treatments Sewage sludge Fly ash Soil 
T0 or S0  
(Control) 0% (No sewage sludge) 
0% (No fly ash) 100% (6.500 kg) 
Soil-Sludge mixtures 
T1 5%  (0.325 kg) - 95% (6.175 kg) 
T2 10% (0.650 kg) - 90% (5.850 kg) 
T3 20% (1.300 kg) - 80% (5.200 kg) 
T4 40% (2.600 kg) - 60% (3.900 kg) 
T5 70% (4.550 kg) - 30% (1.950 kg) 
T6 100% (6.500 kg) - No soil 
Soil-Fly ash mixtures 
T1 - 5%  (0.325 kg) 95% (6.175 kg) 
T2 - 10% (0.650 kg) 90% (5.850 kg) 
T3 - 20% (1.300 kg) 80% (5.200 kg) 
T4 - 40% (2.600 kg) 60% (3.900 kg) 
T5 - 70% (4.550 kg) 30% (1.950 kg) 
T6 - 100% (6.500 kg) No soil 
Re-amendments of Soil-Sludge mixture with fly ash 
S1 25% (1.625 kg) - 75% (4.875 kg) 
S1F1 (1.550 kg) 5% (0.325 kg) (4.625 kg) 
S1F2 (1.460 kg) 10% (0.650 kg) (4.400 kg) 
S1F3 (1.300 kg) 20% (1.300 kg) (3.900 kg) 
S2 50% (3.250 kg) - 50% (3.250 kg) 
S2F1 (3.100 kg) 5% (0.325 kg) (3.100 kg) 
S2F2 (2.925 kg) 10% (0.650 kg) (2.925 kg) 
S2F3 (2.600 kg) 20% (1.300 kg) (2.600 kg) 
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APPENDIX 2 (Preparation of reagents) 
 
(A) Preparation of reagents for proline estimation 
 Sulpho-salicylic acid (3%) 
 3.0 g of sulpho-salicylic acid was dissolved in sufficient double distilled water 
(DDW) and final volume was maintained to 100 cm3, by using DDW. 
  Acid ninhydrin solution 
 1.25 g of ninhydrin was dissolved in a mixture of warm, 30 cm3 of glacial 
 acetic acid and 6 M phosphoric acid (pH 1.0) with agitation till it got 
 dissolved. It was stored at 4° C and used within 24 hours. The 6 M phosphoric        
acid was prepared by mixing 11.8 cm3 of phosphoric acid with 8.2 cm3 of 
DDW. 
(B) Preparation of reagents for cysteine estimation 
 Acid- ninhydrin reagent  
 250 mg of nihydrin was dissolved in 6 ml glacial acetic acid and 4 ml HCl. 
(C)  Preparation of reagents for protein estimation 
 Alkaline Sodium carbonate (Reagent A) 
 2% sodium carbonate (2.0 g dissolved in 100 ml DDW) and 0.1 N NaOH (4 g 
 NaOH  dissolved in 1000 ml) were mixed in the ratio 1:1. 
 Copper sulphate and sodium potassium tartrate (Reagent B) 
 0.5% of copper sulphate (500 mg CuSO4 dissolved in 100 ml) and 1% sodium 
 tartrate (1.0 g sodium tartrate dissolved in 100 ml DDW) were mixed in the 
 ratio 1:1. 
 Alkaline copper solution (Reagent C) 
 50 ml of reagent A was freshly mixed with 1.0 ml of reagent B. 
 Folin-ciocalteau reagent 
 Commercial folin-ciocalteau was diluted with double distilled water (1:2 v/v).  
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(D) Preparation of reagents for sugar estimation 
 Anthrone reagent  
 100 ml of concentrated H2SO4 was added to 40 ml double distilled water. 
 Then, 200 mg of anthrone was added to the 100 ml of the above mixture and 
 was thoroughly mixed until a golden yellow colour appeared. 
 
(E) Preparation of reagents for soil organic carbon 
 1 N K2Cr2O7 
 49.04 g of K2Cr2O7 (AR grade) was dissolved in double distilled water 
 (DDW) and the volume was made to 1000 ml). 
 Diphenyl Indicator 
 0.5 g of diphenylamine in 100 ml of distilled water and added 100 ml of 
 concentrated H2SO4 and the final volume was increased upto 1.0 litre. 
 0.5 N Fe(NH4)2(SO4) solution 
 196 g of Fe(NH4)2(SO4).6H2O were dissolved in 800 ml of distilled water 
 containing 20 ml of concentrated H2SO4 and the final volume was made 
 upto 1.0 litre. 
(F) Preparation of reagents for total nitrogen 
 7.1 Sodium hydroxide- sodium thiosulphate solution 
  60% NaOH added to 5% Na2SO3.5H2O in distilled water. 
 Boric acid solution (4%) 
 40 g of boric acid powder was dissolved in 1 l warm water. 
 Mixed indicator 
 0.66 g of methyl red and 0.099 g of bromocresol green was dissolved in 100 
 ml of ethyl alcohol. 20 ml of the mixed indicator was added to each litre of 
 2% boric acid  solution and the pH was adjusted to 4.5 with diluted NaOH. 
 0.02 N HCl  
 0.164 ml of concentrated HCl was added to 25 ml DDW and the final volume 
 of solution was made to 100 ml by adding DDW. 
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(G) Preparation of reagents for metal concentration  
 DTPA (diethylenetriamine pentaacetic acid) Extractant 
 DTPA extracting solution was prepared by dissolving 1.967 g DTPA, 13.3 ml 
 reagent grade TEA (Triethanolamine) and 1.47 g CaCl2.2H2O in 100 ml of 
 DDW.  After DTPA got dissolved, it was diluted approximately to 900 ml and 
 pH was adjusted to 7.3 with HCl (12 M) while stirring and diluted to 
 1000 ml.  
 Tri-acid mixture (HNO3: 70% H2SO4: 65% HClO4; 5:1:1) 
 To the 500 ml of 70% high purity HNO3, 100 ml of 70% H2SO4 and 100 ml of 
 65% HClO4 was added to form the final solution of HNO3:H2SO4:HClO4 in 
 5:1:1 ratio.  
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Abstract The contamination of agroecosystems due to the pres-
ence of trace elements in commonly used agricultural materials is
a serious issue. The most contaminated material is usually sew-
age sludge, and the sustainable use of this material within agri-
culture is a major concern. This study addresses a key issue in
this respect, the fate of trace metals applied to soil in food chains.
The work particularly addresses the transfer of Pb, which is an
understudied element in this respect, and compares the transfer of
Pb with two of the most labile metals, Cd and Zn. The transfer of
these elements was determined from sludge-amended soils in a
food chain consisting of Indian mustard (Brassica juncea), the
mustard aphid (Lipaphis erysimi) and a predatory beetle
(Coccinella septempunctata). The soil was amended with sludge
at rates of 0, 5, 10 and 20 % (w/w). Results showed that Cd was
readily transferred through the food chain until the predator tro-
phic level. Zn was the most readily transferred element in the
lower trophic levels, but transfer to aphids was effectively re-
stricted by the plant regulating shoot concentration. Pb had the
lowest level of transfer from soil to shoot and exhibited particular
retention in the roots. Nevertheless, Pb concentrations were sig-
nificantly increased by sludge amendment in aphids, and Pb was
increasingly transferred to ladybirds as levels increased. The po-
tential for Pb to cause secondary toxicity to organisms in higher
trophic levels may have therefore been underestimated.
Keywords Sewage sludge . Tracemetal . Food chain . Plant .
Aphid . Ladybird
Introduction
The treatment of wastewater is a global problem that is exacer-
bated by the presence of potentially toxic trace metals in the
treatment stream. During treatment, metals become concentrat-
ed within the solid phase, resulting in large volumes of contam-
inated sludge, which requires disposal in an environmentally
safe yet economic way (Smith 1996). The beneficial use of
sewage sludge in agriculture is the most commonly recom-
mended disposal technique (Singh and Agrawal 2008) and
has the benefit of recycling the organic matter, nitrogen, phos-
phorous and essential trace element (Torri and Lavado 2008)
content of the sludge. However, the benefit to crop production
(Qasim et al. 2001; Singh and Agrawal 2010) must be balanced
by the presence of trace metals, and this constrains the use of
sludge in agriculture (Singh and Agrawal 2008). Failure to
achieve the correct balance can result in the buildup of trace
metals in the soil, potentially affecting soil fertility and increas-
ing concentrations within plants, which then poses a risk to the
human and animal food chains (Winder et al. 1999; Prince et al.
2001; Zhuang et al. 2009; Green and Walmsley. 2013).
Phytophagous arthropods have an important functional role
in the terrestrial ecosystems transferring energy from plants
within food webs (Lindqvist and Block 1997). In trace metal
contaminated ecosystems, this trophic position also results in
a fundamental role in the accumulation and subsequent trans-
fer of trace metals to higher trophic levels (Devkota and
Schmidt 2000). Predatory arthropods consuming prey that
have accumulated trace metals by feeding on contaminated
plants may experience adversely affected fitness. Within
agroecosystems, these predators have a valuable function by
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contributing to the control of pests (Merrington et al. 1997a, b;
Winder et al. 1999; Green et al. 2003). Thus, soil contamina-
tion can potentially result in secondary poisoning in higher
trophic levels, which may limit the beneficial role played by
predatory arthropods in agroecosystem (Green et al. 2010).
Currently, investigations into the transfer and fate of trace
metals in the food chains have been primarily conducted in
temperate agricultural systems. Consequently, there is a dearth
of understanding about the fate and consequences of tracemetal
contamination in tropical and sub-tropical agroecosystems. The
large populations in these areas combine the pressures of sludge
disposal with food production. Moreover, biological control of
predators is of particularly economic importance due to the high
costs of pesticides. Thus, protection of species required for
biocontrol is prerequisite for safe and sustainable recycling of
sewage sludge in these regions.
Both Cd and Pb are highly zootoxic, non-essential elements.
They are reported to contrast in their transfer between sewage
sludge amended soil and plants; Cd is labile, whilst Pb is
strongly retained in the soil (Sauerbeck 1991). Zn is an impor-
tant essential element and shows similar properties to Cd in the
soil-plant system (Sauerbeck 1991). Due to their labile nature,
both Cd and Zn can be readily transferred throughmulti-trophic
food chains, potentially threatening biocontrol of pests
(Merrington et al. 1997a, b; Green et al. 2006). The behaviour
of Pb in multi-trophic systems is far less understood.
The aim of the present investigation was to address the
current gap in understanding by comparing the extent to
which Cd, Pb and Zn from sewage sludge amended soil are
biotransferred in the plant-aphid-ladybird food chain. Indian
mustard (Brassica juncea) was selected as a model plant be-
cause of its widespread geographic exploitation, fast growth,
large biomass and high tolerance to the accumulation of num-
ber of toxic metals. The aphid Lipaphis erysimi is a common
and serious insect pest of Indian mustard (Rehman et al.
2014), whilst Coccinella septempunctata L. has been widely
introduced and used as a biological control agent. The specific
objectives of the work were as follows:
i. Compare the mobility of Cd, Pb and Zn in the food chain
ii. Determine fate by identifying steps where in the food
chain metal transfer may be enhanced or constrained
Materials and methods
Experimental design
A bulk soil sample was obtained from an agricultural field of
the Aligarh Muslim University (AMU), which was then air-
dried and then divided into four equal parts. The sewage
sludge was collected from the AMU sewage treatment plant
and then air-dried, finely powdered and sieved to <2 mm be-
fore use.
One part of the soil was used as an unamended control,
whereas the remaining three parts were amended with sewage
sludge at rates of 5, 10 and 20 % (w/w). Treatments were
replicated four times and designated as T0 for the control, T1
for 5 %, T2 for 10 % and T3 for 20 % sewage sludge amend-
ments, respectively. The soil and sludge were thoroughly
mixed before filling 25-cm-diameter pots. The soils were
brought to field capacity and incubated for 20 days in order
to allow the sludge to reach equilibrium with the soil (Epstein
2003). Soil samples were taken from each pot for physico-
chemical analyses at this point.
Ten mustard seeds were sown in each pot to a depth of
0.5 cm. The pots were then placed in a fully randomised block
in a glasshouse (about 16/8- h day/night, 20–25 °C tempera-
ture regime) and were irrigated with de-ionised water at regu-
lar intervals. To prevent leaching from pots, water-retaining
plates were placed below each pot in order to trap percolated
water. The seedlings were thinned at the five- to six-leaf stage
to retain three uniform seedlings per pot. When the remaining
plants reached the flowering growth stage (40 days), aphid
cultures were established on the plants by placing 200mustard
aphids (L. erysimi), taken from laboratory cultures, in each
pot. Individual pots were subsequently covered with fine nets
(sleeve cages) to prevent the transfer of aphids between treat-
ments. Aphid cultures were left to establish for 21 days before
all aphids were collected from each pot (Green et al. 2003).
Collected aphid samples were divided into two sub-samples.
One sub-sample was used for trace metal analysis and the
other was kept at −18 °C until used for feeding ladybirds.
Plants were also sampled for analysis at this time. Trace metal
content was also analysed in honeydew of aphids by follow-
ing the method of Crawford et al. (1995).
The feeding trial was conducted as described by Green
et al. (2003). Briefly, 16 C. septempunctata (seven-spotted
ladybirds) fourth instar larvae were isolated in a controlled
environment cabinet set to 25 °C and a 16/8-h day/night re-
gime. Larvae were divided into four equal treatment groups,
and each individual larva was fed frozen aphids collected from
one of the pot cultures. Consumption of aphids by individual
larva was measured daily using the method described by
Winder et al. (1999). Feeding continued until the larvae pu-
pated. After pupation, adult ladybirds were weighed and fro-
zen at −18 °C until analysis for Cd, Pb and Zn was conducted.
Trace metal analysis
Soil samples, collected in triplicate from each pot, were air-
dried, crushed and passed through a 2-mm mesh sieve.
Exactly 1 g of soil was digested in 20 ml of triacid mixture
(HNO3/H2SO4/HClO4, 5:1:1) at 80 °C (Allen et al. 1986).
After complete digestion, the solution was allowed to cool
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and filtered throughWhatman No. 42 filter paper and made up
to a final of 50 ml with double distilled water (DDW). The
extractable fraction of metal in the soil was obtained by me-
chanical shaking of 15 g of sample with 40 ml of diethylene
triamine pentaacetic acid (DTPA) extractant (0.005 DTPA,
0.01 M CaCl2 and 0.1 M TEA buffered at pH 7.3) for 2 h
(Lindsay and Norvell 1978).
The pH of the soil at different treatments was measured in a
soil/water suspension (1:2.5w/v) with a pH meter (Digital pH,
conductivity and temperature meter 181). Organic carbon and
total nitrogen contents of the soil samples were determined by
Walkley and Black’s rapid titration method (Allison 1973) and
Gerhardt automatic analyzer, respectively.
Mustard plants from each pot were harvested and washed
with tap water to remove adhering soil particles and finally
with DDW. Root and shoots were separated using scissors and
were dried to a constant weight at 70 °C. Plant samples of
0.3 g were digested in 10 ml of triacid mixture (HNO3/
H2SO4/HClO4, 5:1:1) at 80 °C until black fumes turned white
and solution became completely clear (Allen et al. 1986). The
digest was allowed to cool, diluted with DDW and then fil-
tered through Whatman’s No. 42 filter paper. The filtrate was
then made up to 50 ml using DDW.
Aphid sub-samples and ladybirds were washed and dried
as described for plant samples. Individual ladybirds and 20-
mg sub-samples of aphids were digested in 2 ml of triacid
mixture (HNO3/H2SO4/HClO4, 5:1:1) at 80 °C. The clear res-
idue was then diluted to 5 ml using DDW. Pupal exuviae
(∼0.91–0.97 mg) were digested in a similar way, using 2 ml
acid mixture, which was made back up to 2 ml with DDW.
Concentrations of Cd, Pb and Zn in samples was de-
termined by an atomic absorption spectroscopy (GBC
SensAA, Dandenong, Australia). All chemicals used
were of analytical grade and supplied by Sigma-
Aldrich. Analytical quality was ensured by the analysis
of certified reference materials (GBW 07402 for soil,
NIM-GBW10048 for plants and GBW 8552 for insects).
Mean recoveries from these materials were 96.76, 98.42
and 94.7 % for Cd, Pb and Zn respectively. Reagent
process blanks were also digested and run in triplicate
to check for process contamination.
Data analysis
Transfer coefficients were calculated as a ratio of the concen-
tration of a metal in a component compared to the concentra-
tion in the component preceding it in the transfer pathway.
Concentrations in the pupa before emergence were calculated
by the addition of the metal content of the newly emerged
adult to that of the exuviae. The significance of differences
among treatments was established byDuncan’s multiple range
test (DMRT) using SPSS vs. 17.
Results
Effect of sludge amendment on soil
The soil amended with different ratios of sewage sludge had
low pH, high organic carbon and high nitrogen content in
comparison to the unamended soil. However, only organic
carbon was found to be significantly affected by all sewage
sludge amendment ratios compared to the unamended soil
(p<0.05; Table 1).
The largest sludge amendment resulted in 275, 40 and
170 % increase in total soil Cd, Pb and Zn respectively
(Table 1). Overall, the amendment of the soil with sewage
sludge significantly elevated the total concentrations of Cd,
Pb and Zn in the soil. Similarly, the concentration of DTPA-
extractable Cd, Pb and Zn in the soil was also elevated com-
pared to the control at all sewage sludge amendment ratios. In
the case of Zn, the increase compared to the control was sta-
tistically significant at all the sewage sludge amendment rates
(p<0.05). In the case of Cd, the increase was significant at the
T2 and T3 amendment rates, whilst for Pb, the significant in-
crease was found only at highest rate (T3, Table 1).
Transfer of trace metals between soil and plants
Cd concentration in the mustard roots showed a significant
increase with sludge amendment (p<0.05) except at T1,
reflecting the total and available concentrations in the soil
and reached maximum of 7.14 mg kg−1 dry matter in T3
(Fig. 1a). Transfer coefficients between the total and DTPA
Cd concentration in the soil and the roots showed an increas-
ing trend with sludge amendment and ranged between 2.88
and 4.22 for total to root and 9.14–16.23 for DTPA to root.
Transfer coefficients of Cd between the root and shoot in-
creased with amendment rate but showed a lesser increase
with sludge amendment levels and were always below 1
(Table 2). Except in T1, the concentration of Cd in shoots
was significantly increased (p<0.05) by sludge amendment
and reached 5.38 mg kg−1 dry matter at the highest amend-
ment level (T3), 520 % greater than in the control (Fig. 1a).
Concentration of Pb in roots also increased significantly
(p<0.05) with sludge amendment except in T1, where the
difference was non-significant when compared to control.
The maximum concentration was found in T3, in which the
concentration reached 34.12 mg kg−1 (Fig. 1b). Like Cd,
transfer coefficients between the total Pb concentration in
the soil and roots increased with amendment rate and ranged
between 1.56 and 2.24. A similar trend of increase was found
in transfer coefficients between DTPA-extractable Pb in soil
and roots, which ranged between 8.5 and 11.8. Concentration
of Pb in shoots also increased in plants grown in sludge-
amended soils, but only shoots from T2 and T3 differed signif-
icantly from the control. The highest concentration
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(18.94 mg kg−1 dry mass) was found in T3, but this was not
significantly higher than the concentration in T2. In marked
contrast to Cd, transfer coefficients fell as amendment rate
increased.
Zn concentrations in roots increased significantly in the T2
and T3 amendment rates, reaching a maximum of
264.7 mg kg−1 in T3 (Fig. 1c), which was significantly higher
than in T2. Zn in the roots was 1.55–2.7 times higher than the
total concentration in the soil and 18–24 times higher than the
extractable fraction of the soil, which were by far the highest
coefficients found in the system. Zn concentrations in shoots
were also increased significantly by the T2 and T3 amend-
ments, but not by T1. Zn concentrations in the shoots of T3
were significantly higher than in T2 at a concentration of
205.7 mg kg−1. Transfer coefficients between the roots and
shoots were always below 1 and were higher than the control
for all sludge amendments, but unlike Cd, there was no rise in
the value of the coefficient with amendment rate.
Transfer from shoots to aphids
The Cd body burden in aphids increased with sludge amend-
ment rate, reaching a maximum of 4.27 mg kg−1 dry matter in
T3 (Fig. 1a). All sludge amendments caused a significant in-
crease in aphid Cd concentration, but T1 and T2 did not differ
significantly from each other, whilst T3 was significantly
higher than all other treatments. Cd concentrations in aphids
were 1.6 and 1.7 times higher than in the mustard shoots
grown in T0 and T1 respectively, but in T2 and T3, transfer
coefficients between the aphids and the shoots were less than
1 and were lowest in T3 (Table 2).
Pb body burden of aphids also increased with increase in
sewage sludge ratios (Fig. 1b). The significance of difference
among treatments was complex, but T2 and T3 resulted in
significantly higher Pb concentrations in the aphids, and T1
and T2 did not differ significantly, nor did T2 and T3. Transfer
coefficients for Pb transfer between mustard shoot and aphid
were the lowest of the three metals and were always less than 1
(Table 2).
Zn body burden of aphids also increased with the size of
sewage sludge amendment, and all sludge amendments result-
ed in significantly higher aphid Zn concentrations than in the
control. Whilst the maximum concentration was found in T3
(253.07 mg kg−1, an increase of 160 %; Fig. 1c), there was no
significant difference in Zn concentration between the aphids
in T2 and T3, although both these treatments differed signifi-
cantly from T1. As was the case for Cd and Pb, transfer coef-
ficients between shoots and aphids fell with increasing sludge
amendment. However, the coefficients for Zn were much
higher than for the other two metals in all treatments (Table 2).
Estimation of metal levels in aphid honeydew showed that
metal concentration in honeydew increased with sludge
amendment for each metal, indicating that aphids excreted
the metals (Table 3). However, the ratio of metal in honeydew
to metal in aphid exhibited marked differences among the
three elements. Cd elimination via the honeydew appeared
to be most efficient as the ratio of metal in honeydew to aphid
rose with increasing exposure. Elimination of Pb exhibited a
similar, but smaller trend, whilst Zn elimination with honey-
dewwas two to three times lower than for the other twometals
and did not vary with exposure.
Transfer between aphids and ladybirds
Cd body burden in C. septempunctata increased with sludge
amendment, reaching 2.29 mg kg−1 in T3. Cd concentrations
were significantly elevated in T2 and T3 only. T2 did not differ
significantly from T1 but was significantly lower than T3.
Transfer coefficients between aphids and ladybirds was al-
ways lower than 1 (Table 2) but showed little variation among
treatments.
Pb burdens in adult ladybirds reflected the concentration of
Pb in aphids, but significant difference was found for T2 and
T3 (Fig. 1b). Concentrations also differed significantly
Table 1 Selected physico-
chemical properties of soil,
sewage sludge and soil after
amendment with different ratios
of sewage sludge (mean±1 SE,
n=4)
Parameters Sewage sludge T0 T1 T2 T3
pH 7.12±0.04 7.82a±0.04 7.75ab±0.03 7.67bc±0.05 7.58d±0.04
Org C (%) 5.75±0.12 0.67a±0.04 0.85b±0.05 1.19c±0.03 1.48d±0.08
Total N (%) 1.18±0.06 0.16a±0.02 0.18a±0.02 0.21ab±0.02 0.26b±0.02
Total heavy metals (mg kg−1)
Cd 7.34±0.32 0.45a±0.05 0.62a±0.07 1.05b±0.07 1.69c±0.11
Pb 36.61±1.80 11.17a±0.47 11.97a±1.11 13.3ab±1.16 15.24b±1.04
Zn 374.18±14.72 36.46a±2.17 49.97b±2.05 65.8c±3.53 98.02d±6.20
DTPA extractable heavy metals (plant available heavy metals; mg kg−1)
Cd – 0.14a±0.01 0.18a±0.02 0.29b±0.02 0.44c±0.04
Pb – 2.24a±0.19 2.45ab±0.22 2.69ab±0.17 2.92b±0.20
Zn – 3.13a±0.22 4.57b±0.21 7.62c±0.18 11.18d±0.19
Values with different superscript letters in each group are significantly different from each other at p<0.05
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between T2 and T3. The transfer coefficient of Pb between
aphid and ladybirds showed an increasing pattern with the
increase in amendment ratios and ranged from 0.56 to 0.79.
Although transfer coefficients were lower than 1 in all amend-
ments, they were higher than the corresponding coefficients
for Cd. Indeed, in T3, the transfer of Pb to ladybirds was
proportionally 55 % greater than that of Cd.
Zn burdens in adult ladybirds increased with sewage sludge
amendment ratio, reaching the highest concentration of
226.28 mg kg−1 (dry matter). The significance of differences
among treatment followed the same pattern as for aphids, all
amendments significantly increased Zn concentration in
ladybirds, but differences between T2 and T3 were not signif-
icant. Aphid to ladybird transfer coefficients decreased with
sludge amendment, and a low level of biomagnification only
occurred in T0 and T1.
Concentrations of metal in the exuviae increased with
amendment rate for all three metals. However, a significant
elevation was only noted in T3 for Cd, and in T2 and T3 for Pb
and Zn (Table 4). Typical losses via the exuviae were ∼10 %.
Cdwas most readily eliminated via the exuviae, whilst Zn was
most strongly retained by the adult ladybirds (Table 4).
However, the percentage of the pupal body burden lost on
emergence via the exuviae tended to decline with increasing
amendment, and therefore body burden, in the case of all three
elements. This was most pronounced in the cases of Cd and
least in the case of Zn.
Sewage sludge amendment of soil had no significant effect
on the dry weight of aphids or on the dry weight of newly
emerged adults (Table 5)
Discussion
Soil-plant transfer
In the present study, the amendment of soil with sewage
sludge had little impact on the total nitrogen content of the
soil, which agrees with the results of Singh and Agrawal
(2010). Amendment of sewage sludge reduced the soil pH
as compared to the unamended control soil. This may be due
to the lower pH of sewage sludge as compared to unamended
soil. Both organic carbon and both total and phytoavailable
(DTPA extractable) concentrations of all three elements in the
soil were significantly elevated by sludge amendment, but
total concentrations of all three metals in the soil were below
the Indian permissible limits (Cd, 3–6 mg kg−1; Pb, 250–
500 mg kg−1; Zn, 300–600 mg kg−1) in all amendments
(Awashthi 2000).
The increased phytoavailability of Zn was reflected in
increasing accumulation of this element in roots as sew-
age sludge amendment increased. As root concentration
increased, an increasingly greater translocation of Zn
from the root to the shoot took place. As a result, Zn
concentrations in both the roots and shoots of B. juncea
were found to be relatively high when plants were
Fig. 1 Trace metal concentration (mg kg−1 dry weight) transferred from
sewage sludge amended soil in mustard, aphid and newly emerged adult
ladybird. a Cd, b Pb and c Zn. Each value is mean of four replicates ± SE.
Bars with different letters in each group are significantly different from
each other at p<0.05
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grown in sewage sludge amended soils. The normal
range of Zn concentration in plant tissues is 27–
150 mg kg−1 (Kabata-Pendias and Pendias 2011) com-
pared to 42–265 mg kg−1 found in the present study.
It is evident that multiple transport systems are involved in
Zn uptake by roots (Verbruggen et al. 2009). ZRT1/IRT1-like
proteins are well characterised transporters that play a role in
the trans-membrane uptake of Zn2+ by root cells (Kramer et al.
2007). Further movement from root to shoot of essential
metals like Zn is facilitated by proteins of ZIP (SLC39) and
CDF/ZnT (SLC30) families (Verbruggen et al. 2009). Thus,
the higher transfer coefficients for Zn from soil to root and
from root to shoot can be explained by the presence of specific
uptake mechanisms for this essential metal, which are lacking
for non-essential elements.
The interaction between Zn and Cd in the biological system
is likely to be similar (Singh and Fulekar 2012), which results
in Cd transport by the members of the ZIP family transporters
(Kramer et al. 2007). Moreover, there is also an indirect evi-
dence that Cd2+ makes entry into plant cells via Ca2+ uptake
channels, again at lower affinity (Perfus-Barbeoch et al.
2002).
Table 2 Transfer coefficients for the transfer of Cd, Pb and Zn contents between various components of the soil-plant-aphid-ladybird system after the
amendment of soil with sewage sludge
Heavy metal Amendments Total soil-root Extractable soil-root Root-shoot Shoot-aphid Aphid-adult ladybird
Cd T0 2.84 9.14 0.68 1.63 0.53
T1 3.08 10.61 0.65 1.73 0.49
T2 3.21 11.62 0.72 0.93 0.55
T3 4.22 16.23 0.75 0.79 0.51
Pb T0 1.56 7.75 0.65 0.87 0.56
T1 1.57 7.69 0.61 0.93 0.64
T2 1.93 9.55 0.65 0.79 0.66
T3 2.24 11.68 0.56 0.75 0.79
Zn T0 1.55 18.09 0.74 2.29 1.22
T1 1.69 18.49 0.80 2.16 1.13
T2 2.57 22.19 0.81 1.72 0.93
T3 2.70 23.68 0.78 1.23 0.89
Table 3 Heavy metal contents in honeydewed and honeydew-free (washed) plants of B. juncea grown in different amendments of sewage sludge and
the ratio of metal levels in honeydew against metal contents in aphids (mean±1 SE, n=4)
Metals Concentration (mg kg−1) Contribution by honeydew (mg kg-1) Honeydew/aphid
Honeydewed Washed
Cd
T0 1.20
a±0.11 0.89a±0.12 0.31 0.21
T1 1.86
a±0.10 1.33a±0.12 0.53 0.24
T2 3.01
b±0.16 2.37b±0.16 0.64 0.28
T3 6.84
c±0.52 5.44c±0.46 1.45 0.33
Pb
T0 14.07
a±1.45 12.34a±1.38 1.73 0.18
T1 15.90
a±0.71 13.93a±0.81 1.97 0.18
T2 23.35
b±1.57 20.20b±1.60 3.15 0.24
T3 25.42
b±1.84 21.80b±2.07 3.62 0.25
Zn
T0 48.33
a±1.60 38.59a±2.40 9.74 0.10
T1 85.28
b±3.97 71.69b±4.78 13.59 0.09
T2 164.27
c±12.56 137.86c±10.92 26.41 0.11
T3 240.37
d±14.43 211.83d±13.77 28.54 0.11
Values with different superscript letters in each group are significantly different from each other at p<0.05
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The biochemical similarity of Cd and Zn was reflected in a
similar pattern of accumulation in the roots and translocation
to the shoots; Cd was increasingly accumulated in the roots as
sludge amendment increased and translocation to the shoot
similarly increased as root concentration rose. The resulting
concentrations in roots and shoots of B. juncea did not exceed
the critical limit of Cd in plants, which is 5–10 mg kg−1
(Kabata-Pendias and Pendias 2011) except at the highest
amendment where Cd concentration in root was observed at
7.14 mg kg−1 dry matter.
The present study found that Pb had the lowest soil to root
transfer coefficient. As a non-essential element, plants do not
possess specific transport mechanisms to take up Pb.
Monferran andWunderlin (2013) have suggested that Pb pres-
ent in the soil solution is adsorbed on root surface and
penetrates the root system passively, but Pourrut et al.
(2013) have postulated that ZIP and CDF transporters may
play a role in the active transport of Pb. Whatever the mech-
anism, plants clearly have a restricted ability to take up Pb
compared to both Cd and Zn.
The subsequent translocation of Pb from root to shoot was
also more restricted than that of Cd and Zn. Nevertheless, the
transfer coefficients for total soil to shoot ranged from 1 to
1.25, exceeding the typical range (0.01–0.1) reported for a
series of crops grown on sewage sludge amended soils
(Sauerbeck 1991). Despite this relatively extensive transfer
from soil to shoot, the transfer of Pb contrasted that of Cd
and Zn in that coefficients for Pb decreased as sludge
amendment increased, whilst for both Cd and Zn, coefficients
increased.
The results confirm the findings of Karak et al. (2013) that
the majority of Pb accumulation is in the roots of B. Juncea,
and demonstrate that an effective root-shoot barrier restricts
Pb transfer within the plant. Retention of more Pb in the roots
can be explained by its particular affinity for the carboxyl
groups and pectins within the cell wall (Qiao et al. 2015),
but a range of other processes such as accumulation in plasma
membranes (Islam et al. 2007), precipitation of insoluble Pb
salts in intercellular spaces (Małecka et al. 2008) and seques-
tration in the vacuoles of rhizodermal and cortical cells
(Pourrut et al. 2013) will also contribute to Pb sequestration.
Shoot to aphid transfer
Insects have two main excretory routes: first via processes
involving secretion from or loss of cells of the midgut and
associated tissues and the second via the malpighian tubules.
Aphids lack this second route, which is the only apparent
route for the excretion of metal passing through the gut into
the wider soma. They may, therefore, be more likely to store/
detoxify metals rather than excrete them when compared to
other inverts. The literature reflects this possibility with high
levels of biomagnification in aphids reported for Cd and Zn in
particular (Merrington et al. 1997b), although excretion in the
honeydew is still an effective excretion mechanism for some
trace metals, for instance Cu (Crawford et al. 1995).
In the present study, Zn was the only element biomagnified
by the aphid L. erysimi in all treatments. Even so, as with the
other two elements, transfer coefficients fell with increasing
sludge amendment. The relatively high transfer of Zn reflects
the reported ready transportation of this element in the phloem
(Riesen and Feller 2005). Because aphids feed directly on the
phloem sap (Dixon 2005), they are exposed to and therefore
accumulate high concentration of Zn. Nevertheless, Zn trans-
fer from shoot to aphid was regulated as there was no signif-
icant change in aphid Zn concentration in T2 compared to T3,
despite a significant increase in shoot concentration. As pre-
viously stated, the main mechanism available for aphids to
excrete trace metals is via the honeydew. The Zn concentra-
tion in honeydew did not alter in proportion to the concentra-
tion within aphids, suggesting that increased secretion was not
the regulatory mechanism. This implies that mechanisms
Table 4 Heavy metal content (mg kg−1 dry weight) in pupal exuviae of
C. septempunctata
Amendments Cd Pb Zn
T0 0.86
a±0.09
(14.79)
4.37a±0.33
(10.55)
74.75a±6.24
(8.81)
T1 0.95
a±0.12
(12.02)
5.31a±0.31
(10.25)
109.54ab±12.10
(9.02)
T2 1.12
a±0.08
(11.95)
6.68b±0.30
(10.32)
140.52b±15.42
(8.69)
T3 1.87
b±0.19
(10.82)
8.25c±0.48
(9.97)
131.83b±12.14
(8.02)
Values in parenthesis indicate the percentage of metal lost in exuviae.
Values with different superscript letters in each group are significantly
different from each other at p<0.05
Table 5 Mean (±1 SE, n=4) dry
weight (mg individual−1) of roots
and shoots of Brassica juncea,
aphids (L. erysimi) and newly
emerged adult ladybirds
(C. septempunctata)
Amendments Root×(103) Shoot×(103) Aphid Adult ladybird
T0 0.372
a±0.03 1.74ab±0.24 0.032a±0.003 6.14a±0.31
T1 0.380
a±0.04 1.54a±0.22 0.037a±0.002 6.48a±0.35
T2 0.430
a±0.02 2.48b±0.17 0.028a±0.003 6.25a±0.41
T3 0.458
a±0.05 2.39b±0.11 0.030a±0.005 6.07a±0.27
Values with different superscript letters in each group are significantly different from each other at p<0.05
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within the plant were responsible for limiting Zn transfer to
the aphids, i.e. the plants restricted the loading of Zn into the
phloem sap. This contrasts to work investigating the transfer
of Zn from the shoots of cereal plants to aphids, which found a
linear relationship between shoot and aphid Zn concentration
(Green et al. 2006).
Cd burden in the bodies of L. erysimiwas high compared to
the previous reported values in other aphid species from food
chains contaminated with sewage sludge (Merrington et al.
1997a, b; Winder et al. 1999; Green et al. 2003, 2010). In
the present study, transfer coefficients of Cd between shoot
and L. erysimi ranged between 0.8 and 1.7, which are in ac-
cordance with the results of Green et al. (2003), who reported
that transfer coefficients of Cd from wheat shoot to aphid
Sitobion avenae were between 0.85 and 1.6. Cd
biomagnification in aphids has also been reported by other
workers (Merrington et al. 1997b; Alonso et al. 2009).
Whilst Cd in L. erysimiwas biomagnified at lower levels of
sewage sludge amendment, it was biominimised at higher
levels. A similar declining pattern in transfer coefficients be-
tween shoot and the aphid S. avenaewas found by Green et al.
(2010). The decrease in transfer coefficients for Cd was sim-
ilar, although slightly smaller, than that exhibited by Zn, but
Cd was less affected at the highest sludge amendment.
Consequently, Cd was the only element that was significantly
higher in the aphids of the T3 treatment compared to the T2. In
a further contrast to Zn, Cd concentrations in honeydew in-
creased in comparison to the concentration in the aphids as the
aphid concentration increased. Thus, aphids appeared to be
able to partially regulate Cd accumulation via this mechanism.
It has been suggested that aphids exert little control over
their uptake of Cd (Crawford et al. 1995) and that Cd concen-
tration in the shoot is the predominant factor determining Cd
concentration in aphids (Green et al. 2006). It is apparent that
if the plant restricts transfer of Cd to the shoot, then transfer
through the higher trophic levels of the food chain must also
be restricted, as seen in the case of Zn in the present study.
However, the present study demonstrated the potential for
aphids to respond to elevated concentration of Cd in shoots
by increasing the concentration of Cd excreted in their honey-
dew. Consequently, they can exert a modicum of control over
the accumulation of Cd. Nevertheless, the contrast in results
between the present study and those of Crawford et al. (1995)
and Green et al. (2006) suggests that regulation of Cd by this
mechanism may not apply to all aphid species.
Very few studies have been published that describe the
transport of Pb in plant-arthropod system. To the best of our
knowledge, Pb detection in aphids is reported first time in a
terrestrial system, although Cowgill (1973) reported concen-
trations of Pb in the leaves of the water lilly Nymphaea
odorata and aphid Rhopalosiphum nymphaea feeding on
them. In the present investigation, Pb was the only trace metal
which did not show biomagnification in aphids at any
amendment rate. Similar results for Pb accumulation have
been previously reported for various species of grasshoppers
(Devkota and Schmidt 2000; Zhang et al. 2012),Bombyx mori
(Zhou et al. 2015) and R. nymphaea (Cowgill 1973), suggest-
ing similar accumulation processes within and between taxa.
Despite a lack of biomagnification, Pb exhibited the
smallest decrease in transfer coefficient between shoot and
aphid as sludge amendment increased. However, this reflects
the magnitude of increase in shoot concentration, i.e. Pb is
apparently less affected because it reflects a lower increase
in shoot concentration. Still, at high sludge amendments (T2
and T3), Pb and Cd had similar transfer coefficients between
shoot and aphids. Like Cd, Pb was increasingly excreted in the
honeydew as sludge amendment increased, but the increase in
excretion was not as large as for Cd, contributing the observed
smaller decline in transfer to aphids. Although comparison
between the two non-essential elements is complicated by
the lower relative increase in Pb shoot concentration, it ap-
pears that Cd and Pb do not differ particularly in respect to
their transfer and regulation in aphids in contaminated
systems.
Aphid to ladybird transfer
Zn accumulation in newly emerged adult ladybirds followed a
similar pattern to the aphid population on which they had fed
as larvae. Thus, there was no significant increase in concen-
tration between T2 and T3. The regulation of Zn transfer be-
tween shoot and aphid therefore had a direct effect on the
concentration in ladybirds, further demonstrating the impor-
tance of the plant, determining the transfer of trace metals in
food chains. Zn in adult ladybirds was biomagnified at lower
levels of sludge amendment, but at higher levels (T2 and T3),
the transfer coefficient fell below 1. In contrast to Zn, Cd and
Pb transfer coefficient never exceeded the lowest value re-
corded for Zn. This relatively high transfer of Zn reflects the
essential metabolic requirement for Zn, and this has been sug-
gested to result in a greater retention of Znwithin organisms to
maintain homeostatic supply in case scarcity arises (Calhoa
et al. 2011; Green and Walmsley 2013). Nevertheless, the
decreasing transfer coefficients suggest that there was partial
regulation of Zn by the ladybirds.
Sequestration in the pupal exuviae appeared to be an inef-
fective mechanism to exclude Zn from adult ladybirds as the
proportion of Zn sequestered in the exuviae did not differ
among treatments. Green et al. (2003) reached the same con-
clusion after establishing that Zn sequestration in pupal exu-
viae of C. septempunctata had no statistical effect on the con-
centration in newly emerged adult. Consequently, regulation
of Zn most probably occurred in the larval stage, which unlike
some insect larvae do not have blind ending gut and are there-
fore capable of excreting metals via the faeces.
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As with Zn, Cd concentration in newly emerged ladybirds
followed the pattern in aphids and increased significantly with
sludge amendment. However, Cd body burdens in adult
ladybirds were between 0.49 and 0.55 times lower than in
aphids on which they fed. This represented a considerable
bio-minimisation of Cd from aphids to adult ladybirds. This
agrees with the findings of Green et al. (2003), who reported
biominimisation of Cd in the same species in almost the same
range.
The present study found that the proportion of the larval
body burden lost in the exuviae was 10.8–14.8 %, a little
higher than the 10.5 % reported by Green et al. (2003). The
present study also demonstrated that this excretionmechanism
becomes less effective as the level of Cd exposure increases,
i.e. the proportion of the larval body burden lost decreases
with increased body burden. This did not seem to affect the
proportion of larval body burden transferred to the adult as
transfer coefficients between aphids and adult ladybirds did
not increase. As a consequence, there must have been a mech-
anism that reduced uptake or increased excretion of Cd in the
larval stage to account for the decreasing proportion of Cd lost
in the exuviae.
Transfer from aphids to ladybirds is the only point in the
multi-trophic system where the extent of Pb transfer exceeds
that of Cd. Moreover, the extent of Pb transfer to adult
ladybirds increased with sludge amendment and thus the con-
centration in the aphids. Significantly higher concentrations of
Pb were found in the adults of T3 than in the other treatments
as a result. Less of the larval body burden was lost via seques-
tration in the exuviae than for Cd, with 10–10.5 % lost via this
mechanism. The proportion of Pb sequestered into the exuviae
decreased as treatment and concentration in the ladybirds in-
creased. However, the decrease in excretion via the exuviae
appears insufficient on its own to explain the increase in con-
centration in the newly emerged adult ladybirds. It therefore
appears that Pb was in an increasingly available form in the
aphids and/or Pb was increasingly accumulated in tissues not
lost during metamorphosis, i.e. tissues within the soma. These
tissues are possibly more vulnerable to Pb toxicity than tissues
with a more defined detoxification role, such as the midgut
epithelium. As a consequence, the risk of Pb toxicity to
ladybirds appeared to increase much more rapidly with the
level of contamination than for Cd.
Conclusion
This study has shown that points in the soil-plant-herbivore-
predator pathway where the transfer of trace metals can be
enhanced or restricted differ between elements. Of the three
elements studied, Cd was the most mobile through the food
chain at high sludge amendments. Transfer of Pb through the
food chain was the most restricted of the three elements,
especially in the soil-plant system. The decrease in root-
shoot transfer coefficients in contrast to increasing coefficients
for Cd and Zn was particularly noticeable and was a major
restriction on Pb transfer. However, Pb became increasingly
mobile in the higher trophic levels, particularly to the preda-
tory ladybirds. Indeed, Pb exceeded Cd in the extent to which
it was transferred to the adult ladybirds, and Pb was increas-
ingly transferred to the ladybirds as sludge amendment in-
creased. The result was a marked difference in the transfer of
Cd and Pb from aphids to ladybirds at the highest sludge
amendment rate.
The present study also highlighted that the fate of an ele-
ment differs with the nature of the food chain as the present
study found that both Cd and Pb were more readily transferred
through the food chain and Zn less so than has been reported
for other systems. The potential consequences of Pb mobility
in the consumer trophic levels and the potential ecotoxicolog-
ical consequences are particularly concerning. Thus, a precau-
tionary approach should be taken when setting soil metal
limits, especially to ensure environmentally safe use of organ-
ic by-products, until a fuller understanding of the complex
contaminant transfer process in food chains is understood.
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